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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 



84 

 

7 References: 

1. Adya, K.A. and A. CInamadar, Gram Negative Bacterial Infections. Comprehensive Approach to 
Infections in Dermatology, 2016: p. 52. 

2. Neu, H.C., Infections due to gram-negative bacteria: an overview. Review of Infectious Diseases, 1985. 
7(Supplement 4): p. S778-S782. 

3. Hidron, A.I., et al., Antimicrobial-resistant pathogens associated with healthcare-associated infections: 
annual summary of data reported to the National Healthcare Safety Network at the Centers for Disease 
Control and Prevention, 2006–2007. Infection Control & Hospital Epidemiology, 2008. 29(11): p. 996-
1011. 

4. Weinstein, R.A., et al., Overview of nosocomial infections caused by gram-negative bacilli. Clinical 
Infectious Diseases, 2005. 41(6): p. 848-854. 

5. Chelazzi, C., et al., Epidemiology, associated factors and outcomes of ICU-acquired infections caused by 
Gram-negative bacteria in critically ill patients: an observational, retrospective study. BMC 
anesthesiology, 2015. 15(1): p. 125. 

6. Peleg, A.Y. and D.C. Hooper, Hospital-acquired infections due to gram-negative bacteria. New England 
Journal of Medicine, 2010. 362(19): p. 1804-1813. 

7. Gootz, T.D., The forgotten Gram-negative bacilli: what genetic determinants are telling us about the 
spread of antibiotic resistance. Biochem Pharmacol, 2006. 71(7): p. 1073-84. 

8. Miller, S.I., Antibiotic Resistance and Regulation of the Gram-Negative Bacterial Outer Membrane 
Barrier by Host Innate Immune Molecules. mBio, 2016. 7(5): p. e01541-16. 

9. CDC. Healthcare-associated Infections (HAI), Diseases and Organisms, Gram-negative Bacteria 
Infections in Healthcare Settings.  [cited 2017 23 jan]; Available from: 
https://www.cdc.gov/hai/organisms/gram-negative-bacteria.html. 

10. Hart, C. and S. Kariuki, Antimicrobial resistance in developing countries. BMJ: British Medical Journal, 
1998. 317(7159): p. 647. 

11. Engelkirk, P.G. and J.L. Duben-Engelkirk, Laboratory diagnosis of infectious diseases: essentials of 
diagnostic microbiology. 2008: Lippincott Williams & Wilkins. 

12. NIH. NIAID's Role in Research > Antimicrobial (Drug) Resistance > Examples.  [cited 2017 jan 19]; 
Available from: https://www.niaid.nih.gov/research/gram-negative-bacteria. 

13. Kim, J.Y., et al., Harrison’s principles of internal medicine. Women's Health, 2008. 39(5): p. 24-39. 
14. Kasper, D., et al., Harrison's principles of internal medicine, 19e. 2015: Mcgraw-hill. 
15. Quinn, J.P., Clinical problems posed by multiresistant nonfermenting gram-negative pathogens. Clinical 

infectious diseases, 1998. 27(Supplement 1): p. S117-S124. 
16. Farmer, J., M. Farmer, and B. Holmes, The Enterobacteriaceae: General Characteristics. Topley and 

Wilson's Microbiology and Microbial Infections. 
17. Sosa, A.d.J., et al., Antimicrobial resistance in developing countries. Springer. 
18. Ibrahim, I.A.J. and T.A.K. Hameed, Isolation, Characterization and Antimicrobial Resistance Patterns of 

Lactose-Fermenter Enterobacteriaceae Isolates from Clinical and Environmental Samples. Open Journal 
of Medical Microbiology, 2015. 5(04): p. 169. 

19. WHO, World Health Organization. Antimicrobial resistance: Global report on surveillance 2014, 2014: 
20 Avenue Appia, 1211 Geneva 27, Switzerland. 

20. CDC, Antibiotic resistance threats in the United States, , 2013: Atlanta. 
21. Harris, P., D. Paterson, and B. Rogers, Facing the challenge of multidrug-resistant gram-negative bacilli 

in Australia. Med J Aust, 2015. 202(5): p. 243-7. 
22. Levine, M.M., Escherichia coli infections. Bacterial vaccines, 1984: p. 187-235. 
23. Manning, S.D. and H. Babcock, Escherichia coli infections. 2010: Infobase Publishing. 
24. Madappa, T. and C. Go, Escherichia coli infections. Drugs & Diseases, 2014. 
25. Nataro, J.P. and J.B. Kaper, Diarrheagenic Escherichia coli. Clin Microbiol Rev, 1998. 11(1): p. 142-201. 
26. Locke, T., et al., Microbiology and Infectious Diseases on the Move, 2012 Locke, Keat, Walker and 

Mackinnon: UK 338 Euston Road, London NW1 3BH. 
27. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, Medical microbiology. 2009, Philadelphia: 

Mosby/Elsevier. 
28. Foxman, B., et al., Urinary tract infection: self-reported incidence and associated costs. Annals of 

epidemiology, 2000. 10(8): p. 509-515. 
29. Sherris, J.C. and K.J. Ryan, Medical microbiology: an introduction to infectious diseases. 1984: Elsevier 

Publishing Company. 
30. Kaper, J.B., J.P. Nataro, and H.L. Mobley, Pathogenic Escherichia coli. Nat Rev Microbiol, 2004. 2(2): p. 

123-40. 



85 

 

31. Okhuysen, P.C. and H.L. DuPont, Enteroaggregative Escherichia coli (EAEC): a cause of acute and 
persistent diarrhea of worldwide importance. Journal of Infectious Diseases, 2010. 202(4): p. 503-505. 

32. Harvey, R.A., Microbiology. 2007: Lippincott Williams & Wilkins. 
33. Muniesa, M., et al., Shiga toxin-producing Escherichia coli O104: H4: a new challenge for microbiology. 

Applied and environmental microbiology, 2012. 78(12): p. 4065-4073. 
34. Thorpe, C.M., Shiga Toxin—Producing Escherichia coli Infection. Clinical infectious diseases, 2004. 

38(9): p. 1298-1303. 
35. Clegg, S. and C.N. Murphy, Epidemiology and Virulence of Klebsiella pneumoniae. Microbiology 

spectrum, 2016. 4(1). 
36. CDC. Healthcare-associated Infections (HAI)Diseases and Organisms, Klebsiella pneumoniae in 

Healthcare Settings [cited 2017 jan 22]; Available from: 
https://www.cdc.gov/hai/organisms/klebsiella/klebsiella.html. 

37. Podschun, R. and U. Ullmann, Klebsiella spp. as nosocomial pathogens: epidemiology, taxonomy, typing 
methods, and pathogenicity factors. Clinical microbiology reviews, 1998. 11(4): p. 589-603. 

38. Nordmann, P., G. Cuzon, and T. Naas, The real threat of Klebsiella pneumoniae carbapenemase-
producing bacteria. The Lancet infectious diseases, 2009. 9(4): p. 228-236. 

39. Fukao, M. and N. Yajima, Antibiotic resistant bacteria–a continuous challenge in the new millennium. 
Assessment of antibiotic resistance in probiotic lactobacilli, 1st edn. InTech, Rijeka, 2012: p. 503-512. 

40. Lautenbach, E., et al., Extended-spectrum β-lactamase-producing Escherichia coli and Klebsiella 
pneumoniae: risk factors for infection and impact of resistance on outcomes. Clinical Infectious Diseases, 
2001. 32(8): p. 1162-1171. 

41. Meyer, K.S., et al., Nosocomial outbreak of Klebsiella infection resistant to late-generation 
cephalosporins. Ann Intern Med, 1993. 119. 

42. Jarvis, W.R., et al., The epidemiology of nosocomial infections caused by Klebsiella pneumoniae. Infection 
Control, 1985: p. 68-74. 

43. O'Hara, C.M., F.W. Brenner, and J.M. Miller, Classification, identification, and clinical significance of 
Proteus, Providencia, and Morganella. Clinical microbiology reviews, 2000. 13(4): p. 534-546. 

44. Różalski, A., et al., Proteus sp.–an opportunistic bacterial pathogen–classification, swarming growth, 
clinical significance and virulence factors. Folia Biologica et Oecologica, 2012. 8(1): p. 1-17. 

45. Schaffer, J.N. and M.M. Pearson, Proteus mirabilis and Urinary Tract Infections. Microbiol Spectr, 2015. 
3(5). 

46. Mordi, R. and M. Momoh, Incidence of Proteus species in wound infections and their sensitivity pattern in 
the University of Benin Teaching Hospital. African journal of Biotechnology, 2009. 8(5). 

47. Chen, C.-Y., et al., Proteus mirabilis urinary tract infection and bacteremia: risk factors, clinical 
presentation, and outcomes. Journal of Microbiology, Immunology and Infection, 2012. 45(3): p. 228-236. 

48. Gillespie, S. and P.M. Hawkey, Principles and practice of clinical bacteriology. 2006: John Wiley & Sons. 
49. Manos, J. and R. Belas, The genera Proteus, Providencia, and Morganella, in The prokaryotes. 2006, 

Springer. p. 245-269. 
50. Liu, H., et al., Morganella morganii, a non-negligent opportunistic pathogen. International Journal of 

Infectious Diseases, 2016. 50: p. 10-17. 
51. Wie, S.-H., Clinical significance of Providencia bacteremia or bacteriuria. The Korean journal of internal 

medicine, 2015. 30(2): p. 167. 
52. Dos Santos, G., et al., Study of the Enterobacteriaceae group CESP (Citrobacter, Enterobacter, Serratia, 

Providencia, Morganella and Hafnia): a review. The Battle Against Microbial Pathogens: Basic Science, 
Technological Advances and Educational Programs, ed A. Méndez-Vilas (Badajoz: Formatex), 2015: p. 
794-805. 

53. Warren, J.W., Providencia stuartii: a common cause of antibiotic-resistant bacteriuria in patients with 
long-term indwelling catheters. Rev Infect Dis, 1986. 8(1): p. 61-7. 

54. Ünverdi, S., et al., Peritonitis due to Providencia stuartii. Peritoneal Dialysis International, 2011. 31(2): p. 
216-217. 

55. Tumbarello, M., et al., ESBL-producing multidrug-resistant Providencia stuartii infections in a university 
hospital. Journal of Antimicrobial Chemotherapy, 2004. 53(2): p. 277-282. 

56. Zaninetti, M., E. Baglivo, and A. Safran, Morganella morganii endophthalmitis after vitrectomy: case 
report and review of the literature. Klinische Monatsblatter fur Augenheilkunde, 2003. 220(3): p. 207-209. 

57. Lee, I. and J. Liu, Clinical characteristics and risk factors for mortality in Morganella morganii 
bacteremia. Journal of microbiology, immunology, and infection= Wei mian yu gan ran za zhi, 2006. 
39(4): p. 328-334. 

58. Kim, J.H., et al., Morganella morganii sepsis with massive hemolysis. Journal of Korean medical science, 
2007. 22(6): p. 1082-1084. 



86 

 

59. Wang, J.-T. and S.-C. Chang, Citrobacter species. 
60. Pepperell, C., et al., Low-virulence Citrobacter species encode resistance to multiple antimicrobials. 

Antimicrobial agents and chemotherapy, 2002. 46(11): p. 3555-3560. 
61. Patel, K.K. and S. Patel, Enterobacter spp.:-An emerging nosocomial infection. IJAR, 2016. 2(11): p. 532-

538. 
62. Kang, C.-I., et al., Bloodstream infections caused by Enterobacter species: predictors of 30-day mortality 

rate and impact of broad-spectrum cephalosporin resistance on outcome. Clinical infectious diseases, 
2004. 39(6): p. 812-818. 

63. Gaston, M., Enterobacter: an emerging nosocomial pathogen. Journal of Hospital Infection, 1988. 11(3): 
p. 197-208. 

64. Davin-Regli, A., Enterobacter aerogenes and Enterobacter cloacae; versatile bacterial pathogens 
confronting antibiotic treatment. Frontiers in microbiology, 2015. 6: p. 392. 

65. Cosgrove, S.E., et al., Health and economic outcomes of the emergence of third-generation cephalosporin 
resistance in Enterobacter species. Archives of internal medicine, 2002. 162(2): p. 185-190. 

66. Cosgrove, S.E., The relationship between antimicrobial resistance and patient outcomes: mortality, length 
of hospital stay, and health care costs. Clin Infect Dis, 2006. 42 Suppl 2: p. S82-9. 

67. Grimont, P.A. and F. Grimont, The genus Serratia. Annual Reviews in Microbiology, 1978. 32(1): p. 221-
248. 

68. Haddy, R.I., et al., Nosocomial infection in the community hospital: severe infection due to Serratia 
species. Journal of Family Practice, 1996. 42(3): p. 273-278. 

69. Yu, V.L., Serratia marcescens: historical perspective and clinical review. New England Journal of 
Medicine, 1979. 300(16): p. 887-893. 

70. Mahlen, S.D., Serratia infections: from military experiments to current practice. Clinical microbiology 
reviews, 2011. 24(4): p. 755-791. 

71. Kim, S.B., et al., Risk factors for mortality in patients with Serratia marcescens bacteremia. Yonsei 
medical journal, 2015. 56(2): p. 348-354. 

72. Sanders, C.V., et al., Serratia marcescens infections from inhalation therapy medications: nosocomial 
outbreak. Annals of Internal Medicine, 1970. 73(1): p. 15-21. 

73. de Vries, J.J., et al., Outbreak of Serratia marcescens colonization and infection traced to a healthcare 
worker with long-term carriage on the hands. Infection Control & Hospital Epidemiology, 2006. 27(11): 
p. 1153-1158. 

74. Diranzo García, J., et al., Skin Abscess due to Serratia marcescens in an Immunocompetent Patient after 
Receiving a Tattoo. Case reports in infectious diseases, 2015. 2015. 

75. Peleg, A.Y., H. Seifert, and D.L. Paterson, Acinetobacter baumannii: emergence of a successful pathogen. 
Clinical microbiology reviews, 2008. 21(3): p. 538-582. 

76. Dijkshoorn, L., A. Nemec, and H. Seifert, An increasing threat in hospitals: multidrug-resistant 
Acinetobacter baumannii. Nature Reviews Microbiology, 2007. 5(12): p. 939-951. 

77. Perez, F., et al., Global challenge of multidrug-resistant Acinetobacter baumannii. Antimicrobial agents 
and chemotherapy, 2007. 51(10): p. 3471-3484. 

78. Smith, M.G., et al., New insights into Acinetobacter baumannii pathogenesis revealed by high-density 
pyrosequencing and transposon mutagenesis. Genes & development, 2007. 21(5): p. 601-614. 

79. Falagas, M., et al., Community-acquired Acinetobacter infections. European Journal of Clinical 
Microbiology & Infectious Diseases, 2007. 26(12): p. 857-868. 

80. Baker, N. and P. Hawkey, The management of resistant Acinetobacter infections in the intensive therapy 
unit, in Management of Multiple Drug-Resistant Infections. 2004, Springer. p. 117-140. 

81. Baumann, P., Isolation of Acinetobacter from soil and water. Journal of bacteriology, 1968. 96(1): p. 39-
42. 

82. Eveillard, M., et al., Reservoirs of Acinetobacter baumannii outside the hospital and potential involvement 
in emerging human community-acquired infections. International Journal of Infectious Diseases, 2013. 
17(10): p. e802-e805. 

83. Seifert, H., et al., The distribution of Acinetobacter species in clinical culture materials. Zentralblatt für 
Bakteriologie, 1993. 279(4): p. 544-552. 

84. Visca, P., H. Seifert, and K.J. Towner, Acinetobacter infection–an emerging threat to human health. 
IUBMB life, 2011. 63(12): p. 1048-1054. 

85. CDC. CDCHealthcare-associated Infections (HAI)Diseases and Organisms. Acinetobacter in Healthcare 
Settings.  [cited 2017 jan 24]; Available from: https://www.cdc.gov/hai/organisms/acinetobacter.html. 

86. Bodey, G.P., et al., Infections caused by Pseudomonas aeruginosa. Review of Infectious Diseases, 1983. 
5(2): p. 279-313. 



87 

 

87. Morrison, A.J. and R.P. Wenzel, Epidemiology of infections due to Pseudomonas aeruginosa. Review of 
Infectious Diseases, 1984. 6(Supplement 3): p. S627-S642. 

88. Driscoll, J.A., S.L. Brody, and M.H. Kollef, The epidemiology, pathogenesis and treatment of 
Pseudomonas aeruginosa infections. Drugs, 2007. 67(3): p. 351-368. 

89. Kerr, K.G. and A.M. Snelling, Pseudomonas aeruginosa: a formidable and ever-present adversary. 
Journal of Hospital Infection, 2009. 73(4): p. 338-344. 

90. Livermore, D.M., Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst 
nightmare? Clinical infectious diseases, 2002. 34(5): p. 634-640. 

91. Strateva, T. and D. Yordanov, Pseudomonas aeruginosa–a phenomenon of bacterial resistance. Journal of 
medical microbiology, 2009. 58(9): p. 1133-1148. 

92. Yazdankhah, S., et al., The history of antibiotics. Tidsskrift for den Norske laegeforening: tidsskrift for 
praktisk medicin, ny raekke, 2013. 133(23-24): p. 2502-2507. 

93. Clardy, J., M.A. Fischbach, and C.R. Currie, The natural history of antibiotics. Current biology, 2009. 
19(11): p. R437-R441. 

94. Zaffiri, L., J. Gardner, and L.H. Toledo-Pereyra, History of antibiotics. From salvarsan to cephalosporins. 
Journal of Investigative Surgery, 2012. 25(2): p. 67-77. 

95. Aminov, R.I., A brief history of the antibiotic era: lessons learned and challenges for the future. Frontiers 
in microbiology, 2010. 1: p. 134. 

96. Fleming, A., On the antibacterial action of cultures of a penicillium, with special reference to their use in 
the isolation of B. influenzae. British journal of experimental pathology, 1929. 10(3): p. 226. 

97. Podolsky, S.H., The antibiotic era: reform, resistance, and the pursuit of a rational therapeutics. 2014: 
JHU Press. 

98. Kardos, N. and A.L. Demain, Penicillin: the medicine with the greatest impact on therapeutic outcomes. 
Applied microbiology and biotechnology, 2011. 92(4): p. 677-687. 

99. Davies, J. and D. Davies, Origins and evolution of antibiotic resistance. Microbiology and molecular 
biology reviews, 2010. 74(3): p. 417-433. 

100. Skold, O., Antibiotics and Antibiotics Resistance. First Edition ed. 2011, Canada: John Wiley & Sons. 
101. Guilfoile, P., & Alcamo, I. E. . Antibiotic Resistant Bacteria (Deadly Diseases And Epidemics) 2007, New 

York: Chelsea House .Infobase Publishing. 
102. Nathan, C. and O. Cars, Antibiotic resistance—problems, progress, and prospects. New England Journal 

of Medicine, 2014. 371(19): p. 1761-1763. 
103. Ventola, C.L., The antibiotic resistance crisis: part 1: causes and threats. Pharmacy and Therapeutics, 

2015. 40(4): p. 277. 
104. Kaiser, A.B., Antimicrobial prophylaxis in surgery. New England Journal of Medicine, 1986. 315(18): p. 

1129-1138. 
105. Kohanski, M.A., D.J. Dwyer, and J.J. Collins, How antibiotics kill bacteria: from targets to networks. 

Nature Reviews Microbiology, 2010. 8(6): p. 423-435. 
106. Kaufman, G., Antibiotics: mode of action and mechanisms of resistance. Nursing standard, 2011. 25(42): 

p. 49-55. 
107. Kohanski, M.A., et al., A common mechanism of cellular death induced by bactericidal antibiotics. Cell, 

2007. 130(5): p. 797-810. 
108. Moir, D.T., et al., New classes of antibiotics. Current opinion in pharmacology, 2012. 12(5): p. 535-544. 
109. Walsh, C. and T. Wencewicz, Antibiotics: challenges, mechanisms, opportunities. 2016: American Society 

for Microbiology (ASM). 
110. Zahner, H. and W.K. Maas, Biology of Antibiotics. Vol. 4. 1972: Springer-Verlag New York Inc. 
111. CDDEP, Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics., 2015.: 

Washington, D.C. 
112. Green, D.W., The bacterial cell wall as a source of antibacterial targets. Expert opinion on therapeutic 

targets, 2002. 6(1): p. 1-20. 
113. Gadebusch, H.H., E.O. Stapley, and S.B. Zimmerman, The discovery of cell wall active antibacterial 

antibiotics. Critical reviews in biotechnology, 1992. 12(3): p. 225-243. 
114. Salton, M., Structure and Function of Bacterial Cell Membranes. 1967. 
115. Ghuysen, J.-M. and R. Hakenbeck, Bacterial cell wall. Vol. 27. 1994: Elsevier. 
116. Martin, H.H., Biochemistry of bacterial cell walls. Annual review of biochemistry, 1966. 35(1): p. 457-

484. 
117. Silhavy, T.J., D. Kahne, and S. Walker, The bacterial cell envelope. Cold Spring Harbor perspectives in 

biology, 2010. 2(5): p. a000414. 
118. Bhattacharjee, M.K., Antibiotics That Inhibit Cell Wall Synthesis, in Chemistry of Antibiotics and Related 

Drugs. 2016, Springer. p. 49-94. 



88 

 

119. Coyle;, M.B. and A.S.f. Microbiology., <Manual of Antimicrobial Susceptibility Testing.pdf>. 2005: 
Washington, DC : American Society for Microbiology. 

120. Forbes, B.A., D.F. Sahm, and l.S. Weissfeld, Baily & Scott’s Diagnostic Microbiology, . Twelfth Edition 
ed. 2007, Philadelphia, PA, USA: Mosby, Inc., an affiliate of Elsevier Inc. 

121. Donowitz, G.R. and G.L. Mandell, Beta-lactam antibiotics. New England Journal of Medicine, 1988. 
318(8): p. 490-500. 

122. Prescott, J.F., Beta‐lactam Antibiotics. Antimicrobial Therapy in Veterinary Medicine, Fifth Edition, 2000: 
p. 153-173. 

123. Page, M.G., Beta-lactam antibiotics, in Antibiotic Discovery and Development. 2012, Springer. p. 79-117. 
124. Tomasz, A., The mechanism of the irreversible antimicrobial effects of penicillins: how the beta-lactam 

antibiotics kill and lyse bacteria. Annual Reviews in Microbiology, 1979. 33(1): p. 113-137. 
125. Waxman, D.J. and J.L. Strominger, Penicillin-binding proteins and the mechanism of action of beta-

lactam antibiotics1. Annual review of biochemistry, 1983. 52(1): p. 825-869. 
126. Gale, E.F., Mechanisms of antibiotic action. Pharmacological reviews, 1963. 15(3): p. 481-530. 
127. Reynolds, P.E., Structure, biochemistry and mechanism of action of glycopeptide antibiotics. European 

Journal of Clinical Microbiology and Infectious Diseases, 1989. 8(11): p. 943-950. 
128. Kahne, D., et al., Glycopeptide and lipoglycopeptide antibiotics. Chemical reviews, 2005. 105(2): p. 425-

448. 
129. Barna, J. and D. Williams, The structure and mode of action of glycopeptide antibiotics of the vancomycin 

group. Annual Reviews in Microbiology, 1984. 38(1): p. 339-357. 
130. Newton, B., Mechanisms of antibiotic action. Annual Reviews in Microbiology, 1965. 19(1): p. 209-240. 
131. Arenz, S. and D.N. Wilson, Bacterial Protein Synthesis as a Target for Antibiotic Inhibition. 2016. 
132. McCoy, L.S., Y. Xie, and Y. Tor, Antibiotics that target protein synthesis. Wiley Interdisciplinary 

Reviews: RNA, 2011. 2(2): p. 209-232. 
133. Hong, W., J. Zeng, and J. Xie, Antibiotic drugs targeting bacterial RNAs. Acta Pharmaceutica Sinica B, 

2014. 4(4): p. 258-265. 
134. Mukhtar, T.A. and G.D. Wright, Streptogramins, oxazolidinones, and other inhibitors of bacterial protein 

synthesis. Chemical reviews, 2005. 105(2): p. 529-542. 
135. Beard, N.S., S.A. Armentrout, and A.S. Weisberger, Inhibition of mammalian protein synthesis by 

antibiotics. Pharmacological reviews, 1969. 21(3): p. 213-245. 
136. Wilson, B.A., et al., Bacterial Pathogenesis - A Molecular Approach, , ed. r. Edition. 2011, 1752 N St. 

NW Washington, DC 20036-2904: ASM Press American Society for Microbiology 
 
137. Mingeot-Leclercq, M.-P., Y. Glupczynski, and P.M. Tulkens, Aminoglycosides: activity and resistance. 

Antimicrobial agents and chemotherapy, 1999. 43(4): p. 727-737. 
138. Kotra, L.P., J. Haddad, and S. Mobashery, Aminoglycosides: perspectives on mechanisms of action and 

resistance and strategies to counter resistance. Antimicrobial agents and chemotherapy, 2000. 44(12): p. 
3249-3256. 

139. Walter, F., Q. Vicens, and E. Westhof, Aminoglycoside–RNA interactions. Current opinion in chemical 
biology, 1999. 3(6): p. 694-704. 

140. Mehta, R. and W.S. Champney, 30S ribosomal subunit assembly is a target for inhibition by 
aminoglycosides in Escherichia coli. Antimicrobial agents and chemotherapy, 2002. 46(5): p. 1546-1549. 

141. Gonzalez 3rd, L. and J.P. Spencer, Aminoglycosides: a practical review. American family physician, 1998. 
58(8): p. 1811-1820. 

142. Chopra, I. and M. Roberts, Tetracycline antibiotics: mode of action, applications, molecular biology, and 
epidemiology of bacterial resistance. Microbiology and molecular biology reviews, 2001. 65(2): p. 232-
260. 

143. Schnappinger, D. and W. Hillen, Tetracyclines: antibiotic action, uptake, and resistance mechanisms. 
Archives of microbiology, 1996. 165(6): p. 359-369. 

144. O’Connor, R.P., Tetracyclines, chloramphenicol, macrolides, and lincosamides. 
145. Schönfeld, W. and H.A. Kirst, Macrolide antibiotics. 2002: Springer Science & Business Media. 
146. Mazzei, T., et al., Chemistry and mode of action of macrolides. Journal of Antimicrobial Chemotherapy, 

1993. 31(suppl C): p. 1-9. 
147. Omura, S., Macrolide antibiotics: chemistry, biology, and practice. 2002: Academic press. 
148. Gaynor, M. and A.S. Mankin, Macrolide antibiotics: binding site, mechanism of action, resistance. 

Current topics in medicinal chemistry, 2003. 3(9): p. 949-960. 
149. Heyns, A., Macrolides. South African Family Practice, 2012. 9(9). 
150. Davis, S., Macrolides and ketolides: more than just antimicrobials. SA Pharmaceutical Journal, 2011. 

78(6): p. 24-27. 



89 

 

151. Anderson, R.J., et al., Chloramphenicol. Antibacterial Agents: Chemistry, Mode of Action, Mechanisms of 
Resistance and Clinical Applications: p. 231-242. 

152. Christiansen, K., et al., Chloramphenicol for meningitis. The Lancet, 1983. 321(8325): p. 651-652. 
153. Vazquez, D. Mode of action of chloramphenicol and related antibiotics. in Symp. Soc. Gen. Microbiol. 

1966. 
154. Oliphant, C.M. and G.M. Green, Quinolones: a comprehensive review. American family physician, 2002. 

65(3): p. 455-464. 
155. Hooper, D. Quinolones. in 46th Annual Meeting. 2008. Idsa. 
156. Von Rosenstiel, N. and D. Adam, Quinolone antibacterials. Drugs, 1994. 47(6): p. 872-901. 
157. Hooper, D.C., Quinolone mode of action. Drugs, 1995. 49(2): p. 10-15. 
158. Luzzaro, F., Fluoroquinolones and Gram-negative bacteria: antimicrobial activity and mechanisms of 

resistance. Infez. Med, 2008. 16(Suppl 2): p. 5-11. 
159. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, <1Medical Microbiology Murray-6th ed.pdf>. 

Philadelphia: Mosby/Elsevier, ©2009. 
160. Cruciani, M. and D. Bassetti, The fluoroquinolones as treatment for infections caused by Gram-positive 

bacteria. Journal of Antimicrobial Chemotherapy, 1994. 33(3): p. 403-417. 
161. Takahashi, H., I. Hayakawa, and T. Akimoto, The history of the development and changes of quinolone 

antibacterial agents. Yakushigaku Zasshi, 2002. 38(2): p. 161-179. 
162. Prescott, L.M., D.A. Klein, and J.P. Harley, Microbiology. 2002, Boston: McGraw-Hill Global Education 

Holdings, LLC. 
163. Saravolatz, L.D. and J. Leggett, Gatifloxacin, gemifloxacin, and moxifloxacin: the role of 3 newer 

fluoroquinolones. Clinical infectious diseases, 2003. 37(9): p. 1210-1215. 
164. Gupta, S., et al., Colistin and polymyxin B: a re-emergence. Indian Journal of Critical Care Medicine, 

2009. 13(2): p. 49. 
165. Yu, Z., et al., Antibacterial mechanisms of polymyxin and bacterial resistance. BioMed research 

international, 2015. 2015. 
166. May, D.B., D.C. Hooper, and J. Mitty, Trimethoprim-sulfamethoxazole: An overview. 
167. Masters, P.A., et al., Trimethoprim-sulfamethoxazole revisited. Archives of Internal Medicine, 2003. 

163(4): p. 402-410. 
168. Hitchings, G.H., Mechanism of Action of Trimethoprim-Sulfamethoxazole: I. The Journal of Infectious 

Diseases, 1973: p. S433-S436. 
169. Gleckman, R., N. Blagg, and D.W. Joubert, Trimethoprim: mechanisms of action, antimicrobial activity, 

bacterial resistance, pharmacokinetics, adverse reactions, and therapeutic indications. Pharmacotherapy: 
The Journal of Human Pharmacology and Drug Therapy, 1981. 1(1): p. 14-19. 

170. Spellberg, B., et al., Trends in antimicrobial drug development: implications for the future. Clinical 
Infectious Diseases, 2004. 38(9): p. 1279-1286. 

171. Alanis, A.J., Resistance to antibiotics: are we in the post-antibiotic era? Archives of medical research, 
2005. 36(6): p. 697-705. 

172. Falagas, M.E. and I.A. Bliziotis, Pandrug-resistant Gram-negative bacteria: the dawn of the post-
antibiotic era? International journal of antimicrobial agents, 2007. 29(6): p. 630-636. 

173. Appelbaum, P.C., 2012 and beyond: potential for the start of a second pre-antibiotic era? J Antimicrob 
Chemother, 2012. 67(9): p. 2062-8. 

174. Lerner, S.A., Clinical impact of antibiotic resistance, in Resolving the Antibiotic Paradox. 1998, Springer. 
p. 7-15. 

175. Roberts, R.R., et al., Hospital and societal costs of antimicrobial-resistant infections in a Chicago teaching 
hospital: implications for antibiotic stewardship. Clin Infect Dis, 2009. 49(8): p. 1175-84. 

176. APUA. Alliance for the Prudent Use of Antibiotics (APUA). The cost of antibiotic resistance to U.S. 
families and the health care system.  23/November/2016]; Available from: 
http://emerald.tufts.edu/med/apua/consumers/personal_home_5_1451036133.pdf. 

177. ECDC. European Centre for Disease Prevention and Control (ECDC), European Medicines Agency 
(EMEA). ECDC/EMEA joint technical report. The bacterial challenge: time to react. Stockholm: ECDC, 
2009.  23/November/2016]; Available from: 
http://ecdc.europa.eu/en/publications/Publications/0909_TER_The_Bacterial_Challenge_Time_to_React.p
df. 

178. Bartoloni, A. and E. Gotuzzo, Bacterial-Resistant Infections in Resource-Limited Countries, in 
Antimicrobial Resistance in Developing Countries. 2010, Springer: New York p. 199-231. 

179. Okeke, I.N. and A. Sosa, Antibiotic Resistance in Africa–. 
180. Essack, S., et al., Antimicrobial resistance in the WHO African region: current status and roadmap for 

action. Journal of Public Health, 2016: p. fdw015. 



90 

 

181. Kimang'a, A.N., A situational analysis of antimicrobial drug resistance in Africa: are we losing the battle? 
Ethiop J Health Sci, 2012. 22(2): p. 135-43. 

182. Kariuki, S. and G. Dougan, Antibacterial resistance in sub-Saharan Africa: an underestimated emergency. 
Ann N Y Acad Sci, 2014. 1323: p. 43-55. 

183. Okeke, I.N., et al., Antimicrobial resistance in developing countries. Part I: recent trends and current 
status. Lancet Infect Dis, 2005. 5(8): p. 481-93. 

184. Tadesse, D., et al., Rapid assessment of drinking-water quality in the Federal Democratic Republic of 
Ethiopia: country report of the pilot project implementation in 2004-2005. Geneva: WHO/UNICEF, 2010. 

185. Beyene, A., et al., Current state and trends of access to sanitation in Ethiopia and the need to revise 
indicators to monitor progress in the Post-2015 era. BMC public health, 2015. 15(1): p. 451. 

186. FMOH, Health Sector Development Program IV 2010/11 – 2014/15. Federal Ministry of Health, Ethiopia, 
2010. 

187. EDACA, Antimcirobials use, resistance and containment baseline survey. Drug administration and 
control authority of ethiopia. , addis ababa. 2009. 

188. Worku, S. and A. G/Mariam, Practice of self medication in Jimma town. Ethiop J. Health Dev, 2003. 17: p. 
111-116. 

189. Quinteros, M., et al., Extended-spectrum β-lactamases in Enterobacteriaceae in Buenos Aires, Argentina, 
public hospitals. Antimicrobial agents and chemotherapy, 2003. 47(9): p. 2864-2867. 

190. WHO, Antimicrobial resistance  Fact sheet Updated September 2016. 
191. Rao, G.G., Risk factors for the spread of antibiotic-resistant bacteria. Drugs, 1998. 55(3): p. 323-30. 
192. WHO, The evolving threat of antimicrobial resistance: options for action: executive summary. 2012. 
193. Holmes, A.H., et al., Understanding the mechanisms and drivers of antimicrobial resistance. Lancet, 2016. 

387(10014): p. 176-87. 
194. WHO, Worldwide country situation analysis: response to antimicrobial resistance. 2015. 
195. Toma, A. and S. Deyno, Overview on Mechanisms of Antibacterial Resistance. International Journal of 

Research in Pharmacy and Biosciences, 2015. 2(1). 
196. Harbarth, S. and D.L. Monnet, Cultural and socioeconomic determinants of antibiotic use, in Antibiotic 

policies: fighting resistance. 2008, Springer. p. 29-40. 
197. Silva, J., Mechanisms of antibiotic resistance. Current therapeutic research, 1996. 57(13): p. 30-35. 
198. Cox, G. and G.D. Wright, Intrinsic antibiotic resistance: mechanisms, origins, challenges and solutions. 

Int J Med Microbiol, 2013. 303(6-7): p. 287-92. 
199. Zhang, Y., Mechanisms of antibiotic resistance in the microbial world. 
200. Blair, J.M.A., et al., Molecular mechanisms of antibiotic resistance. Nat Rev Micro, 2015. 13(1): p. 42-51. 
201. Tenover, F.C., Mechanisms of antimicrobial resistance in bacteria. American Journal of Infection Control, 

2006. 34(5, Supplement): p. S3-S10. 
202. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 

bacilli. Annals of intensive care, 2015. 5(1): p. 1. 
203. Hancock, R.E., Resistance mechanisms in Pseudomonas aeruginosa and other nonfermentative gram-

negative bacteria. Clinical Infectious Diseases, 1998. 27(Supplement 1): p. S93-S99. 
204. Sanders, C.C. and W.E. Sanders, β-Lactam resistance in gram-negative bacteria: global trends and 

clinical impact. Clinical Infectious Diseases, 1992. 15(5): p. 824-839. 
205. Alekshun, M.N. and S.B. Levy, Molecular mechanisms of antibacterial multidrug resistance. Cell, 2007. 

128(6): p. 1037-1050. 
206. Poole, K., Multidrug resistance in Gram-negative bacteria. Current opinion in microbiology, 2001. 4(5): 

p. 500-508. 
207. Denyer, S.P. and J.Y. Maillard, Cellular impermeability and uptake of biocides and antibiotics in 

Gram‐negative bacteria. Journal of applied microbiology, 2002. 92(s1). 
208. Delcour, A.H., Outer membrane permeability and antibiotic resistance. Biochimica et Biophysica Acta 

(BBA)-Proteins and Proteomics, 2009. 1794(5): p. 808-816. 
209. Pagès, J.-M., C.E. James, and M. Winterhalter, The porin and the permeating antibiotic: a selective 

diffusion barrier in Gram-negative bacteria. Nature Reviews Microbiology, 2008. 6(12): p. 893-903. 
210. Blair, J.M., G.E. Richmond, and L.J. Piddock, Multidrug efflux pumps in Gram-negative bacteria and their 

role in antibiotic resistance. Future microbiology, 2014. 9(10): p. 1165-1177. 
211. Li, X.Z., P. Plesiat, and H. Nikaido, The challenge of efflux-mediated antibiotic resistance in Gram-

negative bacteria. Clin Microbiol Rev, 2015. 28(2): p. 337-418. 
212. Leclercq, R. and P. Courvalin, Bacterial resistance to macrolide, lincosamide, and streptogramin 

antibiotics by target modification. Antimicrobial agents and chemotherapy, 1991. 35(7): p. 1267. 
213. Woodford, N. and M.J. Ellington, The emergence of antibiotic resistance by mutation. Clinical 

Microbiology and Infection, 2007. 13(1): p. 5-18. 



91 

 

214. Spratt, B.G., Resistance to antibiotics mediated by target alterations. Science-AAAS-Weekly Paper 
Edition-including Guide to Scientific Information, 1994. 264(5157): p. 388-396. 

215. Weigel, L.M., C.D. Steward, and F.C. Tenover, gyrA mutations associated with fluoroquinolone resistance 
in eight species ofEnterobacteriaceae. Antimicrobial Agents and Chemotherapy, 1998. 42(10): p. 2661-
2667. 

216. Courvalin, P., B. Weisblum, and J. Davies, Aminoglycoside-modifying enzyme of an antibiotic-producing 
bacterium acts as a determinant of antibiotic resistance in Escherichia coli. Proceedings of the National 
Academy of Sciences, 1977. 74(3): p. 999-1003. 

217. Rawat, D. and D. Nair, Extended-spectrum ß-lactamases in gram negative bacteria. Journal of global 
infectious diseases, 2010. 2(3): p. 263. 

218. Manageiro, V., Dynamics of β-lactamases in Gram-negative bacteria. 2011. 
219. Davies, J.E., Resistance to aminoglycosides: mechanisms and frequency. Review of Infectious Diseases, 

1983. 5(Supplement 2): p. S261-S267. 
220. Ramirez, M.S. and M.E. Tolmasky, Aminoglycoside modifying enzymes. Drug Resistance Updates, 2010. 

13(6): p. 151-171. 
221. Nikaido, H., Multidrug resistance in bacteria. Annual review of biochemistry, 2009. 78: p. 119-146. 
222. Rice, L.B. and R.A. Bonomo, Mechanisms of resistance to antibacterial agents, in Manual of Clinical 

Microbiology, 10th Edition. 2011, American Society of Microbiology. p. 1082-1114. 
223. Chong, Y., et al., Community spread of extended-spectrum β-lactamase-producing Escherichia coli, 

Klebsiella pneumoniae and Proteus mirabilis: a long-term study in Japan. Journal of medical 
microbiology, 2013. 62(7): p. 1038-1043. 

224. Paterson, D.L., Resistance in gram-negative bacteria: Enterobacteriaceae. Am J Infect Control, 2006. 
34(5 Suppl 1): p. S20-8; discussion S64-73. 

225. Rupp, M.E. and P.D. Fey, Extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae: 
considerations for diagnosis, prevention and drug treatment. Drugs, 2003. 63(4): p. 353-65. 

226. Meier, S., et al., Extended-spectrum beta-lactamase-producing Gram-negative pathogens in community-
acquired urinary tract infections: an increasing challenge for antimicrobial therapy. Infection, 2011. 39. 

227. Pitout, J.D., et al., Emergence of Enterobacteriaceae producing extended-spectrum beta-lactamases 
(ESBLs) in the community. J Antimicrob Chemother, 2005. 56. 

228. Kassakian, S.Z. and L.A. Mermel, Changing epidemiology of infections due to extended spectrum beta-
lactamase producing bacteria. Antimicrobial Resistance and Infection Control, 2014. 3(1): p. 9. 

229. Paterson, D.L. and R.A. Bonomo, Extended-spectrum beta-lactamases: a clinical update. Clin Microbiol 
Rev, 2005. 18(4): p. 657-86. 

230. Gupta, V., et al., Coexistence of extended spectrum beta-lactamases, AmpC beta-lactamases and metallo-
beta-lactamases in Acinetobacter baumannii from burns patients: a report from a tertiary care centre of 
India. Ann Burns Fire Disasters, 2013. 26(4): p. 189-92. 

231. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 
bacilli. Annals of intensive care, 2015. 5(1): p. 21. 

232. Meletis, G., Carbapenem resistance: overview of the problem and future perspectives. Therapeutic 
advances in infectious disease, 2016. 3(1): p. 15-21. 

233. Rao, S.P., et al., Extended-spectrum beta-lactamases producing Escherichia coli and Klebsiella 
pneumoniae: A multi-centric study across Karnataka. Journal of laboratory physicians, 2014. 6(1): p. 7. 

234. Goyal, A., et al., Extended spectrum β--lactamases in Escherichia coli & Klebsiella pneumoniae & 
associated risk factors. 2009. 

235. Bradford, P.A., Extended-spectrum β-lactamases in the 21st century: characterization, epidemiology, and 
detection of this important resistance threat. Clinical microbiology reviews, 2001. 14(4): p. 933-951. 

236. Choi, S.-H., et al., Prevalence, microbiology, and clinical characteristics of extended-spectrum β-
lactamase-producing Enterobacter spp., Serratia marcescens, Citrobacter freundii, and Morganella 
morganii in Korea. European Journal of Clinical Microbiology & Infectious Diseases, 2007. 26(8): p. 557-
561. 

237. Ben-Ami, R., et al., A multinational survey of risk factors for infection with extended-spectrum β-
lactamase-producing Enterobacteriaceae in nonhospitalized patients. Clinical Infectious Diseases, 2009. 
49(5): p. 682-690. 

238. Peled, N., et al., Extended-spectrum beta-lactamase-producing Enterobacteriaceae strains in community-
acquiredbacteremia in Southern Israel. Medical Science Monitor, 2002. 8(1): p. CR44-CR47. 

239. Canton, R. and T.M. Coque, The CTX-M beta-lactamase pandemic. Curr Opin Microbiol, 2006. 9(5): p. 
466-75. 

240. Rossolini, G.M., M.M. D'Andrea, and C. Mugnaioli, The spread of CTX-M-type extended-spectrum beta-
lactamases. Clin Microbiol Infect, 2008. 14 Suppl 1: p. 33-41. 



92 

 

241. Gootz, T.D., Global dissemination of beta-lactamases mediating resistance to cephalosporins and 
carbapenems. Expert Rev Anti Infect Ther, 2004. 2(2): p. 317-27. 

242. Salverda, M.L., J.A. De Visser, and M. Barlow, Natural evolution of TEM-1 beta-lactamase: experimental 
reconstruction and clinical relevance. FEMS Microbiol Rev, 2010. 34(6): p. 1015-36. 

243. Jacoby, G.A. and A.A. Medeiros, More extended-spectrum beta-lactamases. Antimicrobial Agents and 
Chemotherapy, 1991. 35(9): p. 1697. 

244. Bush, K., T. Palzkill, and G. Jacoby, Lactamase classification and amino acid sequences for TEM, SHV 
and OXA extended-spectrum and inhibitor resistant enzymes. Lahey Clinic, Burlington, MA, 2015. 

245. Tzouvelekis, L.S. and R.A. Bonomo, SHV-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 847-64. 
246. Huletsky, A., J.R. Knox, and R.C. Levesque, Role of Ser-238 and Lys-240 in the hydrolysis of third-

generation cephalosporins by SHV-type beta-lactamases probed by site-directed mutagenesis and three-
dimensional modeling. J Biol Chem, 1993. 268(5): p. 3690-7. 

247. Shaikh, S., et al., Antibiotic resistance and extended spectrum beta-lactamases: Types, epidemiology and 
treatment. Saudi journal of biological sciences, 2015. 22(1): p. 90-101. 

248. Paterson, D.L. and R.A. Bonomo, Extended-spectrum β-lactamases: a clinical update. Clinical 
microbiology reviews, 2005. 18(4): p. 657-686. 

249. Bonnet, R., Growing group of extended-spectrum β-lactamases: the CTX-M enzymes. Antimicrobial agents 
and chemotherapy, 2004. 48(1): p. 1-14. 

250. Lahlaoui, H., A.B.H. Khalifa, and M.B. Moussa, Epidemiology of Enterobacteriaceae producing CTX-M 
type extended spectrum β-lactamase (ESBL). Médecine et Maladies Infectieuses, 2014. 44(9): p. 400-404. 

251. Zhao, W.-H. and Z.-Q. Hu, Epidemiology and genetics of CTX-M extended-spectrum β-lactamases in 
Gram-negative bacteria. Critical reviews in microbiology, 2013. 39(1): p. 79-101. 

252. Evans, B.A. and S.G. Amyes, OXA β-lactamases. Clinical microbiology reviews, 2014. 27(2): p. 241-263. 
253. Maurya, A.P., et al., Emergence of integron borne PER-1 mediated extended spectrum cephalosporin 

resistance among nosocomial isolates of Gram-negative bacilli. The Indian journal of medical research, 
2015. 141(6): p. 816. 

254. Naas, T., L. Poirel, and P. Nordmann, Minor extended‐spectrum β‐lactamases. Clinical microbiology and 
infection, 2008. 14(s1): p. 42-52. 

255. Naas, T. and P. Nordmann, OXA-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 865-79. 
256. Nordmann, P., et al., Characterization of a novel extended-spectrum beta-lactamase from Pseudomonas 

aeruginosa. Antimicrobial Agents and Chemotherapy, 1993. 37(5): p. 962-969. 
257. Libisch, B., et al., Identification of PER-1 extended-spectrum β-lactamase producing Pseudomonas 

aeruginosa clinical isolates of the international clonal complex CC11 from Hungary and Serbia. FEMS 
Immunology & Medical Microbiology, 2008. 54(3): p. 330-338. 

258. Iabadene, H., et al., Emergence of extended-spectrum β-lactamase PER-1 in Proteus vulgaris and 
Providencia stuartii isolates from Algiers, Algeria. Antimicrobial agents and chemotherapy, 2009. 53(9): 
p. 4043-4044. 

259. Poirel, L., et al., Molecular and biochemical characterization of VEB-1, a novel class A extended-spectrum 
β-lactamase encoded by an Escherichia coli integron gene. Antimicrobial Agents and Chemotherapy, 
1999. 43(3): p. 573-581. 

260. Manchanda, V. and N.P. Singh, Occurrence and detection of AmpC β-lactamases among Gram-negative 
clinical isolates using a modified three-dimensional test at Guru Tegh Bahadur Hospital, Delhi, India. 
Journal of Antimicrobial Chemotherapy, 2003. 51(2): p. 415-418. 

261. Jacoby, G.A., AmpC β-lactamases. Clinical microbiology reviews, 2009. 22(1): p. 161-182. 
262. Philippon, A., G. Arlet, and G.A. Jacoby, Plasmid-determined AmpC-type β-lactamases. Antimicrobial 

agents and chemotherapy, 2002. 46(1): p. 1-11. 
263. Thomson, K.S., Extended-spectrum-β-lactamase, AmpC, and carbapenemase issues. Journal of clinical 

microbiology, 2010. 48(4): p. 1019-1025. 
264. Black, J.A., E.S. Moland, and K.S. Thomson, AmpC disk test for detection of plasmid-mediated AmpC β-

lactamases in Enterobacteriaceae lacking chromosomal AmpC β-lactamases. Journal of clinical 
microbiology, 2005. 43(7): p. 3110-3113. 

265. Bauernfeind, A., Y. Chong, and K. Lee, Plasmid-encoded AmpC ß-lactamases: how far have we gone 10 
years after the discovery. Yonsei medical journal, 1998. 39: p. 520-25. 

266. Queenan, A.M. and K. Bush, Carbapenemases: the versatile β-lactamases. Clinical microbiology reviews, 
2007. 20(3): p. 440-458. 

267. Dahiya, S., et al., Carbapenemasea: A Review. International Journal of Advanced Health Sciences, 2015. 
2(4): p. 11-17. 

268. Bush, K., G.A. Jacoby, and A.A. Medeiros, A functional classification scheme for beta-lactamases and its 
correlation with molecular structure. Antimicrobial agents and chemotherapy, 1995. 39(6): p. 1211. 



93 

 

269. Nordmann, P. and L. Poirel, Emerging carbapenemases in Gram‐negative aerobes. Clinical Microbiology 
and Infection, 2002. 8(6): p. 321-331. 

270. Cuzon, G., T. Naas, and P. Nordmann, KPC carbapenemases: what is at stake in clinical microbiology? 
Pathologie-biologie, 2010. 58(1): p. 39-45. 

271. Arnold, R.S., et al., Emergence of Klebsiella pneumoniae carbapenemase (KPC)-producing bacteria. 
Southern medical journal, 2011. 104(1): p. 40. 

272. Poirel, L., J.D. Pitout, and P. Nordmann, Carbapenemases: molecular diversity and clinical consequences. 
2007. 

273. Yong, D., et al., Characterization of a new metallo-β-lactamase gene, blaNDM-1, and a novel 
erythromycin esterase gene carried on a unique genetic structure in Klebsiella pneumoniae sequence type 
14 from India. Antimicrobial agents and chemotherapy, 2009. 53(12): p. 5046-5054. 

274. Cornaglia, G., H. Giamarellou, and G.M. Rossolini, Metallo-β-lactamases: a last frontier for β-lactams? 
The Lancet infectious diseases, 2011. 11(5): p. 381-393. 

275. Nordmann, P., et al., The emerging NDM carbapenemases. Trends in microbiology, 2011. 19(12): p. 588-
595. 

276. Wilson, M.E. and L.H. Chen, NDM-1 and the role of travel in its dissemination. Current infectious disease 
reports, 2012. 14(3): p. 213-226. 

277. Rasheed, J.K., et al., New Delhi metallo-β-lactamase-producing enterobacteriaceae, United States. Emerg 
Infect Dis, 2013. 19(6): p. 870-8. 

278. Bonomo, R.A., New Delhi metallo-β-lactamase and multidrug resistance: a global SOS? Clinical 
Infectious Diseases, 2011. 52(4): p. 485-487. 

279. Dortet, L., L. Poirel, and P. Nordmann, Worldwide dissemination of the NDM-type carbapenemases in 
Gram-negative bacteria. BioMed research international, 2014. 2014. 

280. Berrazeg, M., et al., New Delhi Metallo-beta-lactamase around the world: an eReview using Google Maps. 
Euro Surveill, 2014. 19(20): p. 20809. 

281. Kim, U.J., et al., Update on the Epidemiology, Treatment, and Outcomes of Carbapenem-resistant 
Acinetobacter infections. Chonnam medical journal, 2014. 50(2): p. 37-44. 

282. Bonnin, R.A., L. Poirel, and P. Nordmann, New Delhi metallo-β-lactamase-producing Acinetobacter 
baumannii: a novel paradigm for spreading antibiotic resistance genes. Future microbiology, 2014. 9(1): 
p. 33-41. 

283. Poirel, L. and P. Nordmann, Carbapenem resistance in Acinetobacter baumannii: mechanisms and 
epidemiology. Clinical Microbiology and Infection, 2006. 12(9): p. 826-836. 

284. Maya, J.J., et al., Current status of carbapenemases in Latin America. Expert review of anti-infective 
therapy, 2013. 11(7): p. 657-667. 

285. Docquier, J.-D., et al., Crystal structure of the OXA-48 β-lactamase reveals mechanistic diversity among 
class D carbapenemases. Chemistry & biology, 2009. 16(5): p. 540-547. 

286. Gelband, H., et al., The state of the world's antibiotics 2015. Wound Healing Southern Africa, 2015. 8(2): 
p. 30-34. 

287. Goel, V., S.A. Hogade, and S. Karadesai, Prevalence of extended-spectrum beta-lactamases, AmpC beta-
lactamase, and metallo-beta-lactamase producing Pseudomonas aeruginosa and Acinetobacter baumannii 
in an intensive care unit in a tertiary care hospital. Journal of the Scientific Society, 2013. 40(1): p. 28. 

288. Knothe, H., et al., Transferable resistance to cefotaxime, cefoxitin, cefamandole and cefuroxime in clinical 
isolates of Klebsiella pneumoniae and Serratia marcescens. Infection, 1983. 11(6): p. 315-7. 

289. Günseren, F., et al., A surveillance study of antimicrobial resistance of gram-negative bacteria isolated 
from intensive care units in eight hospitals in Turkey. Journal of Antimicrobial Chemotherapy, 1999. 
43(3): p. 373-378. 

290. Baraniak, A., et al., Evolution of TEM-type extended-spectrum β-lactamases in clinical Enterobacteriaceae 
strains in Poland. Antimicrobial agents and chemotherapy, 2005. 49(5): p. 1872-1880. 

291. Giamarellou, H., Multidrug resistance in Gram-negative bacteria that produce extended-spectrum β-
lactamases (ESBLs). Clinical Microbiology and Infection, 2005. 11, Supplement 4: p. 1-16. 

292. Nordmann, P., Global Spread of Carbapenemase-producing Enterobacteriaceae-Volume 17, Number 10—
October 2011-Emerging Infectious Disease journal-CDC. 2011. 

293. Freitas, F. and M. Alves. Worldwide prevalence and distribution of acquired AmpC-β-lactamases in 
Enterobacteriaceae lacking inducible AmpC. in X Congresso de Análises Clínicas e de Saúde Pública. 
2012. Sociedade Portuguesa de Bioanalistas Clínicos. 

294. Denisuik, A.J., et al., Molecular epidemiology of extended-spectrum β-lactamase-, AmpC β-lactamase-and 
carbapenemase-producing Escherichia coli and Klebsiella pneumoniae isolated from Canadian hospitals 
over a 5 year period: CANWARD 2007–11. Journal of Antimicrobial Chemotherapy, 2013. 68(suppl 1): p. 
i57-i65. 



94 

 

295. Control, C.f.D. and Prevention, Facility guidance for control of carbapenem-resistant Enterobacteriaceae 
(CRE). Update CRE Toolkit, 2015. 

296. Lewis, J.S., et al., First report of the emergence of CTX-M-type extended-spectrum beta-lactamases 
(ESBLs) as the predominant ESBL isolated in a U.S. health care system. Antimicrob Agents Chemother, 
2007. 51. 

297. Hirakata, Y., et al., Regional variation in the prevalence of extended-spectrum β-lactamase–producing 
clinical isolates in the Asia-Pacific region (SENTRY 1998–2002). Diagnostic microbiology and infectious 
disease, 2005. 52(4): p. 323-329. 

298. Sheng, W.-H., R.E. Badal, and P.-R. Hseuh, Distribution of Extended-spectrum β-lactamases (ESBLs), 
AmpC β-lactamases, and carbapenemases among Enterobacteriaceae isolates causing intra-abdominal 
infections in Asia-Pacific: the Study for Monitoring Antimicrobial Resistance Trends (SMART). 
Antimicrobial agents and chemotherapy, 2013: p. AAC. 00971-12. 

299. Kiratisin, P., et al., Molecular characterization and epidemiology of extended-spectrum-β-lactamase-
producing Escherichia coli and Klebsiella pneumoniae isolates causing health care-associated infection in 
Thailand, where the CTX-M family is endemic. Antimicrobial agents and chemotherapy, 2008. 52(8): p. 
2818-2824. 

300. Yu, Y., et al., Epidemiological and antibiotic resistant study on extended-spectrum beta-lactamase-
producing Escherichia coli and Klebsiella pneumoniae in Zhejiang Province. Chinese medical journal, 
2002. 115(10): p. 1479-1482. 

301. Du, J., et al., Phenotypic and molecular characterization of multidrug resistant Klebsiella pneumoniae 
isolated from a university teaching hospital, China. PloS one, 2014. 9(4): p. e95181. 

302. Doddaiah, V. and D. Anjaneya, Prevalence of ESBL, AmpC and carbapenemase among Gram negative 
bacilli isolated from clinical specimens. Am J Life Sci, 2014. 2(2): p. 76-81. 

303. Shahandeh, Z., F. Sadighian, and K.B. Rekabpou, Phenotypic study of Extended-spectrum beta-lactamase, 
AmpC and Carbapenemase among E. coli clinical isolates in affiliated hospitals of Babol University of 
Medical Sciences. International Journal of Health System and Disaster Management, 2015. 3(2): p. 74. 

304. Ibrahim, A.-S. and N. Youssef, Prevalence of CTX-M, TEM and SHV Beta-lactamases in Clinical Isolates 
of Escherichia Coli and Klebsiella Pneumoniae Isolated From Aleppo University Hospitals, Aleppo, Syria. 
Archives of Clinical Infectious Diseases, 2015. 10(2). 

305. Kandeel, A., Epidemiology of carbapenemase producing Enterobacteriaceae in a general hospital. 2015. 
306. Coque, T., F. Baquero, and R. Canton, Increasing prevalence of ESBL-producing Enterobacteriaceae in 

Europe. Euro surveill, 2008. 13(47): p. 1-11. 
307. Control, E.C.f.D.P.a., Antimicrobial resistance surveillance in Europe 2015. Annual Report of the 

European Antimicrobial Resistance Surveillance Network (EARS-Net). 
. 2015: Stockholm: . 
308. Leistner, R., et al., Regional distribution of nosocomial infections due to ESBL-positive 

Enterobacteriaceae in Germany: data from the German National Reference Center for the Surveillance of 
Nosocomial Infections (KISS). Clinical Microbiology and Infection, 2015. 21(3): p. 255. e1-255. e5. 

309. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 
187. 

310. Kola, A., et al., High prevalence of extended-spectrum-β-lactamase-producing Enterobacteriaceae in 
organic and conventional retail chicken meat, Germany. Journal of Antimicrobial Chemotherapy, 2012. 
67(11): p. 2631-2634. 

311. Odenthal, S., Ö. Akineden, and E. Usleber, Extended-spectrum β-lactamase producing Enterobacteriaceae 
in bulk tank milk from German dairy farms. International Journal of Food Microbiology, 2016. 238: p. 72-
78. 

312. Scapaticci, M., G. Fossen, and V. Ius, Epidemiology of extended spectrum β-lactamase, AmpC and class A 
carbapenemases-producing organisms isolated at San Camillo Hospital of Treviso (Italy) between April 
2012 and March 2014. Microbiologia Medica, 2016. 31(1). 

313. Önnberg, A., et al., Molecular and phenotypic characterization of Escherichia coli and Klebsiella 
pneumoniae producing extended‐spectrum β‐lactamases with focus on CTX‐M in a low‐endemic area in 
Sweden. Apmis, 2011. 119(4‐5): p. 287-295. 

314. Pfaller, M.A. and R.N. Jones, Antimicrobial susceptibility of inducible AmpC β-lactamase-producing 
Enterobacteriaceae from the Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) 
Programme, Europe 1997–2000. International Journal of Antimicrobial Agents, 2002. 19(5): p. 383-388. 

315. Storberg, V., ESBL-producing Enterobacteriaceae in Africa–a non-systematic literature review of 
research published 2008–2012. Infection ecology & epidemiology, 2014. 4. 



95 

 

316. Ehlers, M.M., et al., Detection of blaSHV, blaTEM and blaCTX-M antibiotic resistance genes in randomly 
selected bacterial pathogens from the Steve Biko Academic Hospital. FEMS Immunology & Medical 
Microbiology, 2009. 56(3): p. 191-196. 

317. Storberg, V., ESBL-producing Enterobacteriaceae in Africa-a non-systematic literature review of research 
published 2008-2012. Infection ecology & epidemiology, 2014. 4. 

318. Yusuf, I., et al., Detection of multi drug resistant bacteria in major hospitals in Kano, North-West, 
Nigeria. Brazilian Journal of Microbiology, 2014. 45(3): p. 791-798. 

319. Iabadene, H., et al., Prevalence of plasmid-mediated AmpC beta-lactamases among Enterobacteriaceae in 
Algiers hospitals. Int J Antimicrob Agents, 2009. 34(4): p. 340-2. 

320. Messai, Y., et al., Prevalence and characterization of extended-spectrum beta-lactamases in Klebsiella 
pneumoniae in Algiers hospitals (Algeria). Pathol Biol (Paris), 2008. 56(5): p. 319-25. 

321. Iabadene, H., et al., Dissemination of ESBL and Qnr determinants in Enterobacter cloacae in Algeria. J 
Antimicrob Chemother, 2008. 62(1): p. 133-6. 

322. Fam, N., et al., CTX-M-15-producing Escherichia coli clinical isolates in Cairo (Egypt), including isolates 
of clonal complex ST10 and clones ST131, ST73, and ST405 in both community and hospital settings. 
Microb Drug Resist, 2011. 17(1): p. 67-73. 

323. Poirel, L., et al., Emergence of NDM-1-producing Klebsiella pneumoniae in Morocco. J Antimicrob 
Chemother, 2011. 66(12): p. 2781-3. 

324. Girlich, D., et al., High rate of faecal carriage of extended‐spectrum β‐lactamase and OXA‐48 
carbapenemase‐producing Enterobacteriaceae at a University hospital in Morocco. Clinical Microbiology 
and Infection, 2014. 20(4): p. 350-354. 

325. Sonda, T., et al., Meta-analysis of proportion estimates of Extended-Spectrum-Beta-Lactamase-producing 
Enterobacteriaceae in East Africa hospitals. Antimicrobial Resistance & Infection Control, 2016. 5(1): p. 
18. 

326. Mushi, M.F., et al., Carbapenemase genes among multidrug resistant gram negative clinical isolates from 
a tertiary hospital in Mwanza, Tanzania. BioMed research international, 2014. 2014. 

327. Okoche, D., et al., Prevalence and characterization of carbapenem-resistant Enterobacteriaceae isolated 
from Mulago National Referral Hospital, Uganda. PloS one, 2015. 10(8): p. e0135745. 

328. Mulisa, G., et al., Prevalence of Extended Spectrum Beta-lactamase Producing Enterobacteriaceae: A 
Cross Sectional Study at Adama Hospital, Adama, Ethiopia. J Emerg Infect Dis, 2016. 1(102): p. 2. 

329. Siraj, S.M., S. Ali, and B. Wondafrash, Extended-spectrum-lactamase production and antimicrobial 
resistance in Klebsiella pneumoniae and Escherichia coli among inpatients and outpatients of Jimma 
University Specialized Hospital, South-West, Ethiopia. African Journal of Microbiology Research, 2014. 
8(43): p. 3687-3694. 

330. Seid, J. and D. Asrat, Occurrence of extended spectrum β-lactamase enzymes in clinical isolates of 
Klebsiella species from Harar region, eastern Ethiopia. Acta tropica, 2005. 95(2): p. 143-148. 

331. Mulualem, Y., et al., Occurrence of extended spectrum beta lactamases in multi-drug resistant Escherichia 
coli isolated from a clinical setting in Jimma University Specialized Hospital, Jimma, southwest Ethiopia. 
East Afr J Public Health, 2012. 9(2): p. 58-61. 

332. Legese, M.H., G.M. Weldearegay, and D. Asrat, Extended-spectrum beta-lactamase-and carbapenemase-
producing Enterobacteriaceae among Ethiopian children. Infection and Drug Resistance, 2017. 10: p. 27. 

333. Shiferaw, T., et al., Bacterial contamination, bacterial profile and antimicrobial susceptibility pattern of 
isolates from stethoscopes at Jimma University Specialized Hospital. Annals of clinical microbiology and 
antimicrobials, 2013. 12(1): p. 39. 

334. Dabsu, R., Y. Woldeamanuel, and D. Asrat, Otoscope and stethoscope: Vehicles for microbial 
colonization at Tikur Anbessa Specialized Referral Hospital, Addis Ababa, Ethiopia. The Ethiopian 
Journal of Health Development (EJHD), 2014. 28(1). 

335. Abera, B., M. Kibret, and W. Mulu, Extended-Spectrum beta (β)-Lactamases and Antibiogram in 
Enterobacteriaceae from Clinical and Drinking Water Sources from Bahir Dar City, Ethiopia. PloS one, 
2016. 11(11): p. e0166519. 

336. Desta, K., et al., High Gastrointestinal Colonization Rate with Extended-Spectrum β-Lactamase-Producing 
Enterobacteriaceae in Hospitalized Patients: Emergence of Carbapenemase-Producing K. pneumoniae in 
Ethiopia. PLoS One, 2016. 11(8): p. e0161685. 

337. Eshetie, S., et al., Multidrug resistant and carbapenemase producing Enterobacteriaceae among patients 
with urinary tract infection at referral Hospital, Northwest Ethiopia. Antimicrobial resistance and 
infection control, 2015. 4(1): p. 12. 

338. BETESEB, Y., DETECTION OF EXTENDED SPECTRUM _-LACTAMASE PRODUCING AND 
MULTIDRUG RESISTANT ESCHERICHIA COLI FROM PATIENTS AT TIKUR ANBASSA HOSPITAL, 
ADDIS ABABA, 2005, aau. 



96 

 

339. Kac, G., et al., Molecular epidemiology of extended-spectrum beta-lactamase-producing 
Enterobacteriaceae isolated from environmental and clinical specimens in a cardiac surgery intensive 
care unit. Infection Control & Hospital Epidemiology, 2004. 25(10): p. 852-855. 

340. Touati, A., et al., Enterobacter cloacae and Klebsiella pneumoniae isolates producing CTX-M-15 
recovered from hospital environmental surfaces from Algeria. Journal of Hospital Infection, 2008. 68(2): 
p. 183-185. 

341. George, E., et al., Incidence of extended spectrum beta lactamase producing Escherichia coli among 
patients, healthy individuals and in the environment. Indian journal of medical microbiology, 2014. 32(2): 
p. 172. 

342. Kramer, A., I. Schwebke, and G. Kampf, How long do nosocomial pathogens persist on inanimate 
surfaces? A systematic review. BMC infectious diseases, 2006. 6(1): p. 130. 

343. Huang, S.S., R. Datta, and R. Platt, Risk of acquiring antibiotic-resistant bacteria from prior room 
occupants. Archives of Internal Medicine, 2006. 166(18): p. 1945-1951. 

344. Guet-Revillet, H., et al., Environmental contamination with extended-spectrum β-lactamases: Is there any 
difference between Escherichia coli and Klebsiella spp? American Journal of Infection Control, 2012. 
40(9): p. 845-848. 

345. Fekety, R., et al., Epidemiology of antibiotic-associated colitis: isolation of Clostridium difficile from the 
hospital environment. The American journal of medicine, 1981. 70(4): p. 906-908. 

346. Weinstein, R.A. and B. Hota, Contamination, disinfection, and cross-colonization: are hospital surfaces 
reservoirs for nosocomial infection? Clinical infectious diseases, 2004. 39(8): p. 1182-1189. 

347. Muzslay, M., et al., ESBL-producing Gram-negative organisms in the healthcare environment as a source 
of genetic material for resistance in human infections. Journal of Hospital Infection, 2017. 95(1): p. 59-64. 

348. DEBABZA MANEL, M.A.A.C.H., PREVALENCE AND CHARACTERIZATION OF 
EXTENDEDSPECTRUM β-LACTAMASE- PRODUCING ENTEROBACTERIACEAE ISOLATED FROM 
HOSPITAL ENVIRONMENTS. Asian Jr. of Microbiol. Biotech. Env. Sc. , 2014. 16,( 1): p. 19-27. 

349. Weber, D.J. and W.A. Rutala, Understanding and preventing transmission of healthcare-associated 
pathogens due to the contaminated hospital environment. Infection Control & Hospital Epidemiology, 
2013. 34(05): p. 449-452. 

350. Livornese, L.L., Jr., et al., Hospital-acquired infection with vancomycin-resistant Enterococcus faecium 
transmitted by electronic thermometers. Ann Intern Med, 1992. 117(2): p. 112-6. 

351. Patterson, J.E., et al., Association of contaminated gloves with transmission of Acinetobacter calcoaceticus 
var. anitratus in an intensive care unit. Am J Med, 1991. 91(5): p. 479-83. 

352. Layton, M.C., et al., An outbreak of mupirocin-resistant Staphylococcus aureus on a dermatology ward 
associated with an environmental reservoir. Infect Control Hosp Epidemiol, 1993. 14(7): p. 369-75. 

353. Jones, J.S., D. Hoerle, and R. Riekse, Stethoscopes: a potential vector of infection? Ann Emerg Med, 
1995. 26(3): p. 296-9. 

354. Smith, M.A., et al., Contaminated stethoscopes revisited. Arch Intern Med, 1996. 156(1): p. 82-4. 
355. Marinella, M.A., C. Pierson, and C. Chenoweth, The stethoscope. A potential source of nosocomial 

infection? Arch Intern Med, 1997. 157(7): p. 786-90. 
356. Singh, G., et al., BACTERIAL CONTAMINATION OF STETHOSCOPES USED BY HEALTH CARE 

WORKERS IN A TERTIARY CARE HOSPITAL IN NAVI MUMBAI. 
357. O'Flaherty, N. and L. Fenelon, The stethoscope and healthcare-associated infection: a snake in the grass 

or innocent bystander? Journal of Hospital Infection, 2015. 91(1): p. 1-7. 
358. Uneke, C.J., et al., Bacteriological assessment of stethoscopes used by medical students in Nigeria: 

implications for nosocomial infection control. World Health Popul, 2008. 10(4): p. 53-61. 
359. Deribe, K., et al., The burden of neglected tropical diseases in Ethiopia, and opportunities for integrated 

control and elimination. Parasites & vectors, 2012. 5(1): p. 240. 
360. ICF., C.S.A.C.E.a., Ethiopia Demographic and Health Survey 2016: Key Indicators Report. Addis Ababa, 

Ethiopia, and Rockville, Maryland, USA. CSA and ICF., 2016. 
361. Pang, T. and G.E. Guindon, Globalization and risks to health. EMBO reports, 2004. 5(1S): p. S11-S16. 
362. Moges, F., et al., The growing challenges of antibacterial drug resistance in Ethiopia. Journal of Global 

Antimicrobial Resistance, 2014. 2(3): p. 148-154. 
363. Joshi, M. and M. Miralles, Antimicrobial Resistance Advocacy and Containment in Ethiopia: Report of 

Initial Activities in February–March 2006. 2006. 
364. Asrat, D., Shigella and Salmonella serogroups and their antibiotic susceptibility patterns in Ethiopia. 

2008. 
365. Huruy, K., et al., High level of antimicrobial resistance in Shigella species isolated from diarrhoeal 

patients in University of Gondar Teaching Hospital, Gondar, Ethiopia. Pharmacology Online, 2008. 2: p. 
328-340. 



97 

 

366. Zewdu, E. and P. Cornelius, Antimicrobial resistance pattern of Salmonella serotypes isolated from food 
items and personnel in Addis Ababa, Ethiopia. Tropical animal health and production, 2009. 41(2): p. 241. 

367. Ringertz, S., et al., Antibiotic susceptibility of Escherichia coli isolates from inpatients with urinary tract 
infections in hospitals in Addis Ababa and Stockholm. Bulletin of the World Health Organization, 1990. 
68(1): p. 61. 

368. Kibret, M. and B. Abera, Antimicrobial susceptibility patterns of E. coli from clinical sources in northeast 
Ethiopia. African health sciences, 2011. 11(3): p. 40-45. 

369. Beyene, G. and W. Tsegaye, Bacterial uropathogens in urinary tract infection and antibiotic susceptibility 
pattern in jimma university specialized hospital, southwest ethiopia. Ethiopian journal of health sciences, 
2011. 21(2): p. 141-146. 

370. Ewnetu, D. and A. Mihret, Prevalence and antimicrobial resistance of Campylobacter isolates from 
humans and chickens in Bahir Dar, Ethiopia. Foodborne pathogens and disease, 2010. 7(6): p. 667-670. 

371. Melaku, S., et al., Hospital acquired infections among surgical, gynaecology and obstetrics patients in 
Felege-Hiwot referral hospital, Bahir Dar, northwest Ethiopia. Ethiopian medical journal, 2012. 50(2): p. 
135-144. 

372. Vandepitte, J., et al., Basic laboratory procedures in clinical bacteriology. 2003: World Health 
Organization. 

373. Wieser, A., et al., MALDI-TOF MS in microbiological diagnostics—identification of microorganisms and 
beyond (mini review). Applied microbiology and biotechnology, 2012. 93(3): p. 965-974. 

374. Testing, E.C.o.A.S., EUCAST guidelines for detection of resistance mechanisms and specific resistances of 
clinical and/or epidemiological importance, in EUCAST, Basel, Switzerland: http://www. eucast. 
org/clinical_breakpoints2013. 

375. Woodford, N., et al., Multiplex PCR for genes encoding prevalent OXA carbapenemases in Acinetobacter 
spp. International journal of antimicrobial agents, 2006. 27(4): p. 351-353. 

376. Bartual, S.G., et al., Development of a multilocus sequence typing scheme for characterization of clinical 
isolates of Acinetobacter baumannii. Journal of clinical microbiology, 2005. 43(9): p. 4382-4390. 

377. Pritsch, M., et al., First report on bla NDM-1-producing Acinetobacter baumannii in three clinical isolates 
from Ethiopia. BMC Infectious Diseases, 2017. 17(1): p. 180. 

378. Magiorakos, A.P., et al., Multidrug‐resistant, extensively drug‐resistant and pandrug‐resistant bacteria: an 
international expert proposal for interim standard definitions for acquired resistance. Clinical 
microbiology and infection, 2012. 18(3): p. 268-281. 

379. Testing, E.C.o.A.S., Breakpoint tables for interpretation of MICs and zone diameters. Version 4.0, 2014. 
Växjö: EUCAST; 2014. 

380. Agwuh, K.N. and A. MacGowan, Pharmacokinetics and pharmacodynamics of the tetracyclines including 
glycylcyclines. Journal of Antimicrobial Chemotherapy, 2006. 58(2): p. 256-265. 

381. Revathi, G., et al., First report of NDM-1-producing Acinetobacter baumannii in East Africa. International 
Journal of Infectious Diseases, 2013. 17(12): p. e1255-e1258. 

382. Krahn, T., et al., Intraspecies transfer of the chromosomal acinetobacter baumannii blaNDM-1 
carbapenemase gene. Antimicrobial agents and chemotherapy, 2016. 60(5): p. 3032-3040. 

383. Poirel, L., et al., Tn125-related acquisition of blaNDM-like genes in Acinetobacter baumannii. 
Antimicrobial agents and chemotherapy, 2012. 56(2): p. 1087-1089. 

384. Wise, R., et al., Antimicrobial resistance is a major threat to public health. British Medical Journal, 1998. 
317(7159): p. 609-611. 

385. Zhang, R., et al., Antibiotic resistance as a global threat: evidence from China, Kuwait and the United 
States. Globalization and Health, 2006. 2(1): p. 6. 

386. Schito, G., E. Debbia, and A. Marchese, The evolving threat of antibiotic resistance in Europe: new data 
from the Alexander Project. Journal of Antimicrobial Chemotherapy, 2000. 46(suppl 3): p. 3-9. 

387. Piéboji, J.G., et al., Antimicrobial resistance of Gram-negative bacilli isolates from inpatients and 
outpatients at Yaounde Central Hospital, Cameroon. International journal of infectious diseases, 2004. 
8(3): p. 147-154. 

388. Gangoue-Pieboji, J., et al., Antimicrobial activity against gram negative bacilli from Yaounde Central 
Hospital, Cameroon. Afr Health Sci, 2006. 6(4): p. 232-5. 

389. Qadeer, A., et al., Antibiogram of Medical Intensive Care Unit at Tertiary Care Hospital Setting of 
Pakistan. Cureus, 2016. 8(9). 

390. Sankarankutty, J. and S. Kaup, Distribution and antibiogram of gram negative isolates from various 
clinical samples in a teaching hospital Tumkur. Scholar journal of applied medical sciences, 2014. 2(3A): 
p. 927-931. 



98 

 

391. Kader, A.A., A. Kumar, and S.M. Dass, Antimicrobial resistance patterns of gram-negative bacteria 
isolated from urine cultures at a general hospital. Saudi Journal of Kidney Diseases and Transplantation, 
2004. 15(2): p. 135. 

392. Mosavian, M. and D. Koraei, Molecular Detection of IMP Carbapenemase-Producing Gram-Negative 
Bacteria Isolated From Clinical Specimens in Ahvaz, Iran. Jentashapir Journal of Health Research, 
2016(InPress). 

393. Panta, K., et al., Antibiogram typing of gram negative isolates in different clinical samples of a tertiary 
hospital. Asian J of Pharmaeutical and Clinical Research, 2013. 6: p. 153-156. 

394. Mohammadi-Mehr, M. and M. Feizabadi, Antimicrobial resistance pattern of Gram-negative bacilli 
isolated from patients at ICUs of Army hospitals in Iran. Iranian journal of microbiology, 2011. 3(1): p. 
26-30. 

395. Zenebe, T., et al., Invasive bacterial pathogens and their antibiotic susceptibility patterns in Jimma 
University specialized hospital, Jimma, Southwest Ethiopia. Ethiopian journal of health sciences, 2011. 
21(1): p. 1-8. 

396. Biadglegne, F. and B. Abera, Antimicrobial resistance of bacterial isolates from urinary tract infections at 
Felge Hiwot Referral Hospital, Ethiopia. The Ethiopian Journal of Health Development (EJHD), 2016. 
23(3). 

397. Demilie, T., et al., Urinary bacterial profile and antibiotic susceptibility pattern among pregnant women in 
North West Ethiopia. Ethiopian journal of health sciences, 2012. 22(2). 

398. Rajan, M.R. and A.V.R. Rao, Antibiogram of Gram Negative Bacterial Isolates From Intensive Care Unit 
At A Tertiary Care Hospital. Indian Journal of Applied Research, 2016. 6(5). 

399. Azzab, M.M., et al., Multidrug-resistant bacteria among patients with ventilator-associated pneumonia in 
an emergency intensive care unit, Egypt/Bactéries multirésistantes parmi les patients atteints de 
pneumonie associée à la ventilation dans une unité de soins intensifs d'urgence, Égypte. Eastern 
Mediterranean Health Journal, 2016. 22(12): p. 894. 

400. Kucukates, E., Antimicrobial resistance among Gram-negative bacteria isolated from intensive care units 
in a Cardiology Institute in Istanbul, Turkey. Japanese journal of infectious diseases, 2005. 58(4): p. 228. 

401. Al Johani, S., et al., Prevalence of antimicrobial resistance among gram-negative isolates in an adult 
intensive care unit at a tertiary care center in Saudi Arabia. Annals of Saudi medicine, 2010. 30(5): p. 
364. 

402. Ahmad, S.S. and F.A. Ali, Detection of ESBL, AmpC and Metallo Beta-Lactamase mediated resistance in 
Gram-negative bacteria isolated from women with genital tract infection. European Scientific Journal, 
2014. 10(9). 

403. Asghar, A.H. and H.S. Faidah, Frequency and antimicrobial susceptibility of gram-negative bacteria 
isolated from 2 hospitals in Makkah, Saudi Arabia. Saudi medical journal, 2009. 30(8): p. 1017-1023. 

404. Maniyan, G., D. Vedachalam, and N. Chinnusamy, Characterization and antimicrobial susceptibility 
pattern of non-fermenting gram negative bacilli from various clinical samples in a tertiary care hospital. 
Surgery. 32: p. 29.09. 

405. Gokale, S.K. and S. Metgud, Characterization and antibiotic sensitivity pattern of nonfermenting gram 
negative bacilli from various clinical samples in a tertiary care hospital, Belgaum. Journal of 
Pharmaceutical and Biomedical Sciences©(JPBMS), 2012. 17(17). 

406. Kombade, S. and G.N. Agrawal, Study of multidrug resistant nonfermenting gram-negative bacilli in 
intensive care unit, Nagpur. Indian Journal of Microbiology Research, 2015. 2(2): p. 120-125. 

407. Sharma, D., et al., Non fermentative gram negative bacilli as nosocomial pathogens: Identification and 
antibiotic sensitivity in clinical samples of indoor patients. Nepal Journal of Medical Sciences, 2015. 3(2): 
p. 101-105. 

408. Oberoi, L., et al., ESBL, MBL and Ampc β lactamases producing superbugs-Havoc in the intensive care 
units of Punjab India. J Clin Diagn Res, 2013. 7(1): p. 70-3. 

409. Foad, M.F., Phenotypic Detection and Antimicrobial susceptibility Profile of ESBL, AmpC and 
Carbapenemase producing Gram-negative isolates from Outpatient clinic specimens. Int. J. Curr. 
Microbiol. App. Sci, 2016. 5(1): p. 740-752. 

410. Patel, B.V., et al., Bacteriological profile and antibiogram of gram negative organisms isolated from 
medical and neurology intensive care unit with special reference to multi-drug resistant organisms. 
National journal of medical research, 2012. 2(3): p. 335-338. 

411. Cantón, R., J.M. González-Alba, and J.C. Galán, CTX-M enzymes: origin and diffusion. Frontiers in 
microbiology, 2012. 3. 

412. D’Andrea, M.M., et al., CTX-M-type β-lactamases: a successful story of antibiotic resistance. International 
Journal of Medical Microbiology, 2013. 303(6): p. 305-317. 



99 

 

413. Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics, 2015. CDDEP: , 
2015: Washington, D.C. 

414. Shimels, T., A.I. Bilal, and A. Mulugeta, Evaluation of Ceftriaxone utilization in internal medicine wards 
of general hospitals in Addis Ababa, Ethiopia: a comparative retrospective study. Journal of 
pharmaceutical policy and practice, 2015. 8(1): p. 1. 

415. Ayinalem, G.A., et al., Drug use evaluation of ceftriaxone in medical ward of Dessie Referral Hospital, 
North East Ethiopia. 2013. 

416. Seki, L.M., et al., Molecular epidemiology of CTX-M producing Enterobacteriaceae isolated from 
bloodstream infections in Rio de Janeiro, Brazil: emergence of CTX-M-15. The Brazilian Journal of 
Infectious Diseases, 2013. 17(6): p. 640-646. 

417. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 1. 

418. Lartigue, M.-F., et al., Extended-spectrum β-lactamases of the CTX-M type now in Switzerland. 
Antimicrobial agents and chemotherapy, 2007. 51(8): p. 2855-2860. 

419. Moses, A., et al., Prevalence and Genotypic Characterization of Extended-Spectrum Beta-Lactamases 
Produced by Gram Negative Bacilli at a Tertiary Care Hospital in Rural South Western Uganda. British 
microbiology research journal, 2014. 4(12): p. 1541. 

420. Ahmed, M.A.S., et al., Antimicrobial susceptibility and molecular epidemiology of extended-spectrum 
beta-lactamase-producing Enterobacteriaceae from intensive care units at Hamad Medical Corporation, 
Qatar. Antimicrobial resistance and infection control, 2016. 5(1): p. 1. 

421. Fernandes, R., et al., Molecular characterization of ESBL-producing Enterobacteriaceae in Northern 
Portugal. The Scientific World Journal, 2014. 2014. 

422. Singh, A., et al., Occurrence and molecular epidemiology of bla CTX-M, including co-occurrence of bla 
TEM and bla SHV genes, and sul1 association in Indian Enterobacteriaceae. International journal of 
antimicrobial agents, 2012. 39(2): p. 184-185. 

423. Xia, S., et al., Dominance of CTX-M-type extended-spectrum β-lactamase (ESBL)-producing Escherichia 
coli isolated from patients with community-onset and hospital-onset infection in China. PLoS One, 2014. 
9(7): p. e100707. 

424. Al-Agamy, M.H., et al., Molecular characteristics of extended-spectrum β-lactamase-producing 
Escherichia coli in Riyadh: emergence of CTX-M-15-producing E. coli ST131. Annals of clinical 
microbiology and antimicrobials, 2014. 13(1): p. 1. 

425. Al Naiemi, N., et al., Widely distributed and predominant CTX-M extended-spectrum β-lactamases in 
Amsterdam, The Netherlands. Journal of clinical microbiology, 2006. 44(8): p. 3012-3014. 

426. Noyal, M., et al., Simple screening tests for detection of carbapenemases in clinical isolates of 
nonfermentative Gram-negative bacteria. The Indian journal of medical research, 2009. 129(6): p. 707-
712. 

427. Minarini, L.A., et al., Predominance of CTX-M–type extended-spectrum β-lactamase genes among 
enterobacterial isolates from outpatients in Brazil. Diagnostic microbiology and infectious disease, 2009. 
65(2): p. 202-206. 

428. Woodford, N., et al., Community and hospital spread of Escherichia coli producing CTX-M extended-
spectrum β-lactamases in the UK. Journal of antimicrobial chemotherapy, 2004. 54(4): p. 735-743. 

429. Khan, E., et al., Emergence of CTX-M Group 1-ESBL producing Klebsiella pneumonia from a tertiary 
care centre in Karachi, Pakistan. The Journal of Infection in Developing Countries, 2010. 4(08): p. 472-
476. 

430. Shi, H., et al., Epidemiology of CTX-M-type extended-spectrum beta-lactamase (ESBL)-producing 
nosocomial-Escherichia coli infection in China. Annals of clinical microbiology and antimicrobials, 2015. 
14(1): p. 1. 

431. Shahid, M., et al., bla CTX-M, bla TEM, and bla SHV in Enterobacteriaceae from North-Indian tertiary 
hospital: high occurrence of combination genes. Asian Pacific journal of tropical medicine, 2011. 4(2): p. 
101-105. 

432. Bindayna, K., et al., Predominance of CTX-M genotype among extended spectrum beta lactamase isolates 
in a tertiary hospital in Saudi Arabia. Saudi medical journal, 2010. 31(8): p. 859-863. 

433. Hackman, H.K., et al., Antibiotic Resistance Profile of CTX-M-type Extended-Spectrum Beta-Lactamases 
in Escherichia coli and Klebsiella pneumoniae in Accra, Ghana. Journal of Natural Sciences Research, 
2014. 4(12). 

434. Sana, T., et al., Detection of genes TEM, OXA, SHV and CTX-M in 73 clinical isolates of Escherichia coli 
producers of extended spectrum Betalactamases and determination of their susceptibility to antibiotics. 
The International Arabic Journal of Antimicrobial Agents, 2011. 1(1). 



100 

 

435. Upadhyay, S., et al., Genetic Environment of Plasmid Mediated CTX-M-15 Extended Spectrum Beta-
Lactamases from Clinical and Food Borne Bacteria in North-Eastern India. PloS one, 2015. 10(9): p. 
e0138056. 

436. Shin, J. and K.S. Ko, Comparative study of genotype and virulence in CTX-M-producing and non-
extended-spectrum-β-lactamase-producing Klebsiella pneumoniae isolates. Antimicrobial agents and 
chemotherapy, 2014. 58(4): p. 2463-2467. 

437. Ensor, V., et al., Occurrence, prevalence and genetic environment of CTX-M β-lactamases in 
Enterobacteriaceae from Indian hospitals. Journal of Antimicrobial Chemotherapy, 2006. 58(6): p. 1260-
1263. 

438. Khanna, N., et al., Molecular epidemiology and antimicrobial resistance pattern of extended-spectrum-β-
lactamase-producing Enterobacteriaceae in Glasgow, Scotland. Journal of antimicrobial chemotherapy, 
2011: p. dkr523. 

439. Naas, T., et al., Evaluation of a DNA microarray, the Check-Points ESBL/KPC array, for rapid detection 
of TEM, SHV, and CTX-M extended-spectrum β-lactamases and KPC carbapenemases. Antimicrobial 
agents and chemotherapy, 2010. 54(8): p. 3086-3092. 

440. Endimiani, A., et al., Evaluation of a commercial microarray system for detection of SHV-, TEM-, CTX-M-
, and KPC-type β-lactamase genes in Gram-negative isolates. Journal of clinical microbiology, 2010. 
48(7): p. 2618-2622. 

441. Hanson, N.D., AmpC β-lactamases: what do we need to know for the future? Journal of Antimicrobial 
Chemotherapy, 2003. 52(1): p. 2-4. 

442. Yamasaki, K., et al., Laboratory surveillance for prospective plasmid-mediated AmpC beta-lactamases in 
the Kinki region of Japan. J Clin Microbiol, 2010. 48(9): p. 3267-73. 

443. Li, Y., et al., Prevalence of plasmid-mediated AmpC β-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-type AmpC β-lactamase resistance in China. Journal of clinical 
microbiology, 2008. 46(4): p. 1317-1321. 

444. Li, Y., et al., Prevalence of plasmid-mediated AmpC beta-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-Type AmpC beta-lactamase resistance in China. J Clin Microbiol, 
2008. 46(4): p. 1317-21. 

445. Khari, F.I.M., et al., Genotypic and Phenotypic Detection of AmpC β-lactamases in Enterobacter spp. 
Isolated from a Teaching Hospital in Malaysia. PloS one, 2016. 11(3): p. e0150643. 

446. Pérez-Llarena, F.J., et al., Genetic and kinetic characterization of the novel AmpC β-lactamases DHA-6 
and DHA-7. Antimicrobial agents and chemotherapy, 2014. 58(11): p. 6544-6549. 

447. Kiratisin, P. and A. Henprasert, Resistance phenotype-genotype correlation and molecular epidemiology of 
Citrobacter, Enterobacter, Proteus, Providencia, Salmonella and Serratia that carry extended-spectrum β-
lactamases with or without plasmid-mediated AmpC β-lactamase genes in Thailand. Transactions of the 
Royal Society of Tropical Medicine and Hygiene, 2011. 105(1): p. 46-51. 

448. Kao, C.-C., et al., Antimicrobial susceptibility and multiplex PCR screening of AmpC genes from isolates 
of Enterobacter cloacae, Citrobacter freundii, and Serratia marcescens. Journal of Microbiology, 
Immunology and Infection, 2010. 43(3): p. 180-187. 

449. Peymani, A., et al., Emergence of CMY-2-and DHA-1-type AmpC β-lactamases in Enterobacter cloacae 
isolated from several hospitals of Qazvin and Tehran, Iran. Iranian Journal of Microbiology, 2016. 8(3): p. 
168. 

450. Yilmaz, N., et al., Detection of plasmid-mediated AmpC β-lactamase in Escherichia coli and Klebsiella 
pneumoniae. Indian journal of medical microbiology, 2013. 31(1): p. 53. 

451. Manoharan, A., et al., Phenotypic & molecular characterization of AmpC β-lactamases among Escherichia 
coli, Klebsiella spp. & Enterobacter spp. from five Indian Medical Centers. Indian Journal of Medical 
Research, 2012. 135(3): p. 359. 

452. El-Hady, S.A. and L.A. Adel, Occurrence and detection of AmpC β-lactamases among Enterobacteriaceae 
isolates from patients at Ain Shams University Hospital. Egyptian Journal of Medical Human Genetics, 
2015. 16(3): p. 239-244. 

453. Struelens, M., et al., New Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae: emergence and 
response in Europe. Eurosurveillance, 2010. 

454. Karthikeyan, K., M. Thirunarayan, and P. Krishnan, Coexistence of blaOXA-23 with blaNDM-1 and armA 
in clinical isolates of Acinetobacter baumannii from India. Journal of antimicrobial chemotherapy, 2010. 
65(10): p. 2253-2254. 

455. Johnson, A.P. and N. Woodford, Global spread of antibiotic resistance: the example of New Delhi 
metallo-β-lactamase (NDM)-mediated carbapenem resistance. Journal of medical microbiology, 2013. 
62(4): p. 499-513. 



101 

 

456. Control, C.f.D. and Prevention, Detection of Enterobacteriaceae isolates carrying metallo-beta-lactamase-
United States, 2010. MMWR. Morbidity and mortality weekly report, 2010. 59(24): p. 750. 

457. Poirel, L., et al., Emergence of metallo-β-lactamase NDM-1-producing multidrug-resistant Escherichia 
coli in Australia. Antimicrobial agents and chemotherapy, 2010. 54(11): p. 4914-4916. 

458. Mulvey, M.R., New Delhi Metallo-β-Lactamase in Klebsiella pneumoniae and Escherichia coli, Canada-
Volume 17, Number 1—January 2011-Emerging Infectious Disease journal-CDC. 2011. 

459. Poirel, L., et al., Global spread of New Delhi metallo-β-lactamase 1. The Lancet infectious diseases, 2010. 
10(12): p. 832. 

460. Zarfel, G., et al., Emergence of New Delhi metallo-β-lactamase, Austria. Emerg Infect Dis, 2011. 17(1). 
461. Kaase, M., et al., Multicentre investigation of carbapenemase-producing Escherichia coli and Klebsiella 

pneumoniae in German hospitals. Int J Med Microbiol, 2016. 306(6): p. 415-20. 
462. Pfeifer, Y., et al., NDM-1-producing Escherichia coli in Germany. Antimicrobial agents and 

chemotherapy, 2011. 55(3): p. 1318-1319. 
463. Pfeifer, Y., et al., Clonal Transmission of Gram-Negative Bacteria with Carbapenemases NDM-1, VIM-1, 

and OXA-23/72 in a Bulgarian Hospital. Microb Drug Resist, 2016. 
464. Lowman, W., et al., NDM-1 has arrived: first report of a carbapenem resistance mechanism in South 

Africa. SAMJ: South African Medical Journal, 2011. 101(12): p. 873-875. 
465. Zafer, M.M., et al., First report of NDM-1-producing Pseudomonas aeruginosa in Egypt. International 

Journal of Infectious Diseases, 2014. 29: p. 80-81. 
466. Abdelaziz, M.O., et al., NDM-1-and OXA-163-producing Klebsiella pneumoniae isolates in Cairo, Egypt, 

2012. Journal of Global Antimicrobial Resistance, 2013. 1(4): p. 213-215. 
467. Poirel, L., et al. Emergence of metallo-βlactamase NDM-1 producing Klebsiella pneumoniae in Kenya. in 

50th Interscience Conference on Antimicrobial Agents and Chemotherapy; Boston. 2010. 
468. Poirel, L., et al., Detection of NDM-1-producing Klebsiella pneumoniae in Kenya. Antimicrobial agents 

and chemotherapy, 2011. 55(2): p. 934-936. 
469. Warnes, S.L., C.J. Highmore, and C.W. Keevil, Horizontal transfer of antibiotic resistance genes on 

abiotic touch surfaces: implications for public health. MBio, 2012. 3(6): p. e00489-12. 
470. Hawkey, P.M. and A.M. Jones, The changing epidemiology of resistance. Journal of Antimicrobial 

Chemotherapy, 2009. 64(suppl 1): p. i3-i10. 
471. Akers, K.S., et al., Aminoglycoside resistance and susceptibility testing errors in Acinetobacter 

baumannii-calcoaceticus complex. Journal of clinical microbiology, 2010. 48(4): p. 1132-1138. 
472. Holt, K.E., et al., Genome sequence of Acinetobacter baumannii strain A1, an early example of antibiotic-

resistant global clone 1. Genome announcements, 2015. 3(2): p. e00032-15. 
473. Wang, X., et al., Complete genome sequence of Acinetobacter baumannii ZW85-1. Genome 

announcements, 2014. 2(1): p. e01083-13. 
474. Farrugia, D.N., et al., The complete genome and phenome of a community-acquired Acinetobacter 

baumannii. PLoS One, 2013. 8(3): p. e58628. 
475. Huang, H., et al., Complete genome sequence of Acinetobacter baumannii MDR-TJ and insights into its 

mechanism of antibiotic resistance. Journal of antimicrobial chemotherapy, 2012. 67(12): p. 2825-2832. 
476. Zhu, L., et al., Complete genome analysis of three Acinetobacter baumannii clinical isolates in China for 

insight into the diversification of drug resistance elements. PLoS One, 2013. 8(6): p. e66584. 
477. Penwell, W.F., B.A. Arivett, and L.A. Actis, The Acinetobacter baumannii entA gene located outside the 

acinetobactin cluster is critical for siderophore production, iron acquisition and virulence. PloS one, 
2012. 7(5): p. e36493. 

478. Iacono, M., et al., Whole-genome pyrosequencing of an epidemic multidrug-resistant Acinetobacter 
baumannii strain belonging to the European clone II group. Antimicrobial agents and chemotherapy, 
2008. 52(7): p. 2616-2625. 

479. Balaji, V., et al., Genome sequences of two multidrug-resistant Acinetobacter baumannii clinical strains 
isolated from southern India. Genome announcements, 2015. 3(5): p. e01010-15. 

 
 
 
 
 
 
 



102 

 

8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 



9 

 

Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 



45 

 

3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 

 

 

 



65 

 

A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 

 



71 

 

5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 



24 

 

producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 



84 

 

7 References: 

1. Adya, K.A. and A. CInamadar, Gram Negative Bacterial Infections. Comprehensive Approach to 
Infections in Dermatology, 2016: p. 52. 

2. Neu, H.C., Infections due to gram-negative bacteria: an overview. Review of Infectious Diseases, 1985. 
7(Supplement 4): p. S778-S782. 

3. Hidron, A.I., et al., Antimicrobial-resistant pathogens associated with healthcare-associated infections: 
annual summary of data reported to the National Healthcare Safety Network at the Centers for Disease 
Control and Prevention, 2006–2007. Infection Control & Hospital Epidemiology, 2008. 29(11): p. 996-
1011. 

4. Weinstein, R.A., et al., Overview of nosocomial infections caused by gram-negative bacilli. Clinical 
Infectious Diseases, 2005. 41(6): p. 848-854. 

5. Chelazzi, C., et al., Epidemiology, associated factors and outcomes of ICU-acquired infections caused by 
Gram-negative bacteria in critically ill patients: an observational, retrospective study. BMC 
anesthesiology, 2015. 15(1): p. 125. 

6. Peleg, A.Y. and D.C. Hooper, Hospital-acquired infections due to gram-negative bacteria. New England 
Journal of Medicine, 2010. 362(19): p. 1804-1813. 

7. Gootz, T.D., The forgotten Gram-negative bacilli: what genetic determinants are telling us about the 
spread of antibiotic resistance. Biochem Pharmacol, 2006. 71(7): p. 1073-84. 

8. Miller, S.I., Antibiotic Resistance and Regulation of the Gram-Negative Bacterial Outer Membrane 
Barrier by Host Innate Immune Molecules. mBio, 2016. 7(5): p. e01541-16. 

9. CDC. Healthcare-associated Infections (HAI), Diseases and Organisms, Gram-negative Bacteria 
Infections in Healthcare Settings.  [cited 2017 23 jan]; Available from: 
https://www.cdc.gov/hai/organisms/gram-negative-bacteria.html. 

10. Hart, C. and S. Kariuki, Antimicrobial resistance in developing countries. BMJ: British Medical Journal, 
1998. 317(7159): p. 647. 

11. Engelkirk, P.G. and J.L. Duben-Engelkirk, Laboratory diagnosis of infectious diseases: essentials of 
diagnostic microbiology. 2008: Lippincott Williams & Wilkins. 

12. NIH. NIAID's Role in Research > Antimicrobial (Drug) Resistance > Examples.  [cited 2017 jan 19]; 
Available from: https://www.niaid.nih.gov/research/gram-negative-bacteria. 

13. Kim, J.Y., et al., Harrison’s principles of internal medicine. Women's Health, 2008. 39(5): p. 24-39. 
14. Kasper, D., et al., Harrison's principles of internal medicine, 19e. 2015: Mcgraw-hill. 
15. Quinn, J.P., Clinical problems posed by multiresistant nonfermenting gram-negative pathogens. Clinical 

infectious diseases, 1998. 27(Supplement 1): p. S117-S124. 
16. Farmer, J., M. Farmer, and B. Holmes, The Enterobacteriaceae: General Characteristics. Topley and 

Wilson's Microbiology and Microbial Infections. 
17. Sosa, A.d.J., et al., Antimicrobial resistance in developing countries. Springer. 
18. Ibrahim, I.A.J. and T.A.K. Hameed, Isolation, Characterization and Antimicrobial Resistance Patterns of 

Lactose-Fermenter Enterobacteriaceae Isolates from Clinical and Environmental Samples. Open Journal 
of Medical Microbiology, 2015. 5(04): p. 169. 

19. WHO, World Health Organization. Antimicrobial resistance: Global report on surveillance 2014, 2014: 
20 Avenue Appia, 1211 Geneva 27, Switzerland. 

20. CDC, Antibiotic resistance threats in the United States, , 2013: Atlanta. 
21. Harris, P., D. Paterson, and B. Rogers, Facing the challenge of multidrug-resistant gram-negative bacilli 

in Australia. Med J Aust, 2015. 202(5): p. 243-7. 
22. Levine, M.M., Escherichia coli infections. Bacterial vaccines, 1984: p. 187-235. 
23. Manning, S.D. and H. Babcock, Escherichia coli infections. 2010: Infobase Publishing. 
24. Madappa, T. and C. Go, Escherichia coli infections. Drugs & Diseases, 2014. 
25. Nataro, J.P. and J.B. Kaper, Diarrheagenic Escherichia coli. Clin Microbiol Rev, 1998. 11(1): p. 142-201. 
26. Locke, T., et al., Microbiology and Infectious Diseases on the Move, 2012 Locke, Keat, Walker and 

Mackinnon: UK 338 Euston Road, London NW1 3BH. 
27. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, Medical microbiology. 2009, Philadelphia: 

Mosby/Elsevier. 
28. Foxman, B., et al., Urinary tract infection: self-reported incidence and associated costs. Annals of 

epidemiology, 2000. 10(8): p. 509-515. 
29. Sherris, J.C. and K.J. Ryan, Medical microbiology: an introduction to infectious diseases. 1984: Elsevier 

Publishing Company. 
30. Kaper, J.B., J.P. Nataro, and H.L. Mobley, Pathogenic Escherichia coli. Nat Rev Microbiol, 2004. 2(2): p. 

123-40. 



85 

 

31. Okhuysen, P.C. and H.L. DuPont, Enteroaggregative Escherichia coli (EAEC): a cause of acute and 
persistent diarrhea of worldwide importance. Journal of Infectious Diseases, 2010. 202(4): p. 503-505. 

32. Harvey, R.A., Microbiology. 2007: Lippincott Williams & Wilkins. 
33. Muniesa, M., et al., Shiga toxin-producing Escherichia coli O104: H4: a new challenge for microbiology. 

Applied and environmental microbiology, 2012. 78(12): p. 4065-4073. 
34. Thorpe, C.M., Shiga Toxin—Producing Escherichia coli Infection. Clinical infectious diseases, 2004. 

38(9): p. 1298-1303. 
35. Clegg, S. and C.N. Murphy, Epidemiology and Virulence of Klebsiella pneumoniae. Microbiology 

spectrum, 2016. 4(1). 
36. CDC. Healthcare-associated Infections (HAI)Diseases and Organisms, Klebsiella pneumoniae in 

Healthcare Settings [cited 2017 jan 22]; Available from: 
https://www.cdc.gov/hai/organisms/klebsiella/klebsiella.html. 

37. Podschun, R. and U. Ullmann, Klebsiella spp. as nosocomial pathogens: epidemiology, taxonomy, typing 
methods, and pathogenicity factors. Clinical microbiology reviews, 1998. 11(4): p. 589-603. 

38. Nordmann, P., G. Cuzon, and T. Naas, The real threat of Klebsiella pneumoniae carbapenemase-
producing bacteria. The Lancet infectious diseases, 2009. 9(4): p. 228-236. 

39. Fukao, M. and N. Yajima, Antibiotic resistant bacteria–a continuous challenge in the new millennium. 
Assessment of antibiotic resistance in probiotic lactobacilli, 1st edn. InTech, Rijeka, 2012: p. 503-512. 

40. Lautenbach, E., et al., Extended-spectrum β-lactamase-producing Escherichia coli and Klebsiella 
pneumoniae: risk factors for infection and impact of resistance on outcomes. Clinical Infectious Diseases, 
2001. 32(8): p. 1162-1171. 

41. Meyer, K.S., et al., Nosocomial outbreak of Klebsiella infection resistant to late-generation 
cephalosporins. Ann Intern Med, 1993. 119. 

42. Jarvis, W.R., et al., The epidemiology of nosocomial infections caused by Klebsiella pneumoniae. Infection 
Control, 1985: p. 68-74. 

43. O'Hara, C.M., F.W. Brenner, and J.M. Miller, Classification, identification, and clinical significance of 
Proteus, Providencia, and Morganella. Clinical microbiology reviews, 2000. 13(4): p. 534-546. 

44. Różalski, A., et al., Proteus sp.–an opportunistic bacterial pathogen–classification, swarming growth, 
clinical significance and virulence factors. Folia Biologica et Oecologica, 2012. 8(1): p. 1-17. 

45. Schaffer, J.N. and M.M. Pearson, Proteus mirabilis and Urinary Tract Infections. Microbiol Spectr, 2015. 
3(5). 

46. Mordi, R. and M. Momoh, Incidence of Proteus species in wound infections and their sensitivity pattern in 
the University of Benin Teaching Hospital. African journal of Biotechnology, 2009. 8(5). 

47. Chen, C.-Y., et al., Proteus mirabilis urinary tract infection and bacteremia: risk factors, clinical 
presentation, and outcomes. Journal of Microbiology, Immunology and Infection, 2012. 45(3): p. 228-236. 

48. Gillespie, S. and P.M. Hawkey, Principles and practice of clinical bacteriology. 2006: John Wiley & Sons. 
49. Manos, J. and R. Belas, The genera Proteus, Providencia, and Morganella, in The prokaryotes. 2006, 

Springer. p. 245-269. 
50. Liu, H., et al., Morganella morganii, a non-negligent opportunistic pathogen. International Journal of 

Infectious Diseases, 2016. 50: p. 10-17. 
51. Wie, S.-H., Clinical significance of Providencia bacteremia or bacteriuria. The Korean journal of internal 

medicine, 2015. 30(2): p. 167. 
52. Dos Santos, G., et al., Study of the Enterobacteriaceae group CESP (Citrobacter, Enterobacter, Serratia, 

Providencia, Morganella and Hafnia): a review. The Battle Against Microbial Pathogens: Basic Science, 
Technological Advances and Educational Programs, ed A. Méndez-Vilas (Badajoz: Formatex), 2015: p. 
794-805. 

53. Warren, J.W., Providencia stuartii: a common cause of antibiotic-resistant bacteriuria in patients with 
long-term indwelling catheters. Rev Infect Dis, 1986. 8(1): p. 61-7. 

54. Ünverdi, S., et al., Peritonitis due to Providencia stuartii. Peritoneal Dialysis International, 2011. 31(2): p. 
216-217. 

55. Tumbarello, M., et al., ESBL-producing multidrug-resistant Providencia stuartii infections in a university 
hospital. Journal of Antimicrobial Chemotherapy, 2004. 53(2): p. 277-282. 

56. Zaninetti, M., E. Baglivo, and A. Safran, Morganella morganii endophthalmitis after vitrectomy: case 
report and review of the literature. Klinische Monatsblatter fur Augenheilkunde, 2003. 220(3): p. 207-209. 

57. Lee, I. and J. Liu, Clinical characteristics and risk factors for mortality in Morganella morganii 
bacteremia. Journal of microbiology, immunology, and infection= Wei mian yu gan ran za zhi, 2006. 
39(4): p. 328-334. 

58. Kim, J.H., et al., Morganella morganii sepsis with massive hemolysis. Journal of Korean medical science, 
2007. 22(6): p. 1082-1084. 



86 

 

59. Wang, J.-T. and S.-C. Chang, Citrobacter species. 
60. Pepperell, C., et al., Low-virulence Citrobacter species encode resistance to multiple antimicrobials. 

Antimicrobial agents and chemotherapy, 2002. 46(11): p. 3555-3560. 
61. Patel, K.K. and S. Patel, Enterobacter spp.:-An emerging nosocomial infection. IJAR, 2016. 2(11): p. 532-

538. 
62. Kang, C.-I., et al., Bloodstream infections caused by Enterobacter species: predictors of 30-day mortality 

rate and impact of broad-spectrum cephalosporin resistance on outcome. Clinical infectious diseases, 
2004. 39(6): p. 812-818. 

63. Gaston, M., Enterobacter: an emerging nosocomial pathogen. Journal of Hospital Infection, 1988. 11(3): 
p. 197-208. 

64. Davin-Regli, A., Enterobacter aerogenes and Enterobacter cloacae; versatile bacterial pathogens 
confronting antibiotic treatment. Frontiers in microbiology, 2015. 6: p. 392. 

65. Cosgrove, S.E., et al., Health and economic outcomes of the emergence of third-generation cephalosporin 
resistance in Enterobacter species. Archives of internal medicine, 2002. 162(2): p. 185-190. 

66. Cosgrove, S.E., The relationship between antimicrobial resistance and patient outcomes: mortality, length 
of hospital stay, and health care costs. Clin Infect Dis, 2006. 42 Suppl 2: p. S82-9. 

67. Grimont, P.A. and F. Grimont, The genus Serratia. Annual Reviews in Microbiology, 1978. 32(1): p. 221-
248. 

68. Haddy, R.I., et al., Nosocomial infection in the community hospital: severe infection due to Serratia 
species. Journal of Family Practice, 1996. 42(3): p. 273-278. 

69. Yu, V.L., Serratia marcescens: historical perspective and clinical review. New England Journal of 
Medicine, 1979. 300(16): p. 887-893. 

70. Mahlen, S.D., Serratia infections: from military experiments to current practice. Clinical microbiology 
reviews, 2011. 24(4): p. 755-791. 

71. Kim, S.B., et al., Risk factors for mortality in patients with Serratia marcescens bacteremia. Yonsei 
medical journal, 2015. 56(2): p. 348-354. 

72. Sanders, C.V., et al., Serratia marcescens infections from inhalation therapy medications: nosocomial 
outbreak. Annals of Internal Medicine, 1970. 73(1): p. 15-21. 

73. de Vries, J.J., et al., Outbreak of Serratia marcescens colonization and infection traced to a healthcare 
worker with long-term carriage on the hands. Infection Control & Hospital Epidemiology, 2006. 27(11): 
p. 1153-1158. 

74. Diranzo García, J., et al., Skin Abscess due to Serratia marcescens in an Immunocompetent Patient after 
Receiving a Tattoo. Case reports in infectious diseases, 2015. 2015. 

75. Peleg, A.Y., H. Seifert, and D.L. Paterson, Acinetobacter baumannii: emergence of a successful pathogen. 
Clinical microbiology reviews, 2008. 21(3): p. 538-582. 

76. Dijkshoorn, L., A. Nemec, and H. Seifert, An increasing threat in hospitals: multidrug-resistant 
Acinetobacter baumannii. Nature Reviews Microbiology, 2007. 5(12): p. 939-951. 

77. Perez, F., et al., Global challenge of multidrug-resistant Acinetobacter baumannii. Antimicrobial agents 
and chemotherapy, 2007. 51(10): p. 3471-3484. 

78. Smith, M.G., et al., New insights into Acinetobacter baumannii pathogenesis revealed by high-density 
pyrosequencing and transposon mutagenesis. Genes & development, 2007. 21(5): p. 601-614. 

79. Falagas, M., et al., Community-acquired Acinetobacter infections. European Journal of Clinical 
Microbiology & Infectious Diseases, 2007. 26(12): p. 857-868. 

80. Baker, N. and P. Hawkey, The management of resistant Acinetobacter infections in the intensive therapy 
unit, in Management of Multiple Drug-Resistant Infections. 2004, Springer. p. 117-140. 

81. Baumann, P., Isolation of Acinetobacter from soil and water. Journal of bacteriology, 1968. 96(1): p. 39-
42. 

82. Eveillard, M., et al., Reservoirs of Acinetobacter baumannii outside the hospital and potential involvement 
in emerging human community-acquired infections. International Journal of Infectious Diseases, 2013. 
17(10): p. e802-e805. 

83. Seifert, H., et al., The distribution of Acinetobacter species in clinical culture materials. Zentralblatt für 
Bakteriologie, 1993. 279(4): p. 544-552. 

84. Visca, P., H. Seifert, and K.J. Towner, Acinetobacter infection–an emerging threat to human health. 
IUBMB life, 2011. 63(12): p. 1048-1054. 

85. CDC. CDCHealthcare-associated Infections (HAI)Diseases and Organisms. Acinetobacter in Healthcare 
Settings.  [cited 2017 jan 24]; Available from: https://www.cdc.gov/hai/organisms/acinetobacter.html. 

86. Bodey, G.P., et al., Infections caused by Pseudomonas aeruginosa. Review of Infectious Diseases, 1983. 
5(2): p. 279-313. 



87 

 

87. Morrison, A.J. and R.P. Wenzel, Epidemiology of infections due to Pseudomonas aeruginosa. Review of 
Infectious Diseases, 1984. 6(Supplement 3): p. S627-S642. 

88. Driscoll, J.A., S.L. Brody, and M.H. Kollef, The epidemiology, pathogenesis and treatment of 
Pseudomonas aeruginosa infections. Drugs, 2007. 67(3): p. 351-368. 

89. Kerr, K.G. and A.M. Snelling, Pseudomonas aeruginosa: a formidable and ever-present adversary. 
Journal of Hospital Infection, 2009. 73(4): p. 338-344. 

90. Livermore, D.M., Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst 
nightmare? Clinical infectious diseases, 2002. 34(5): p. 634-640. 

91. Strateva, T. and D. Yordanov, Pseudomonas aeruginosa–a phenomenon of bacterial resistance. Journal of 
medical microbiology, 2009. 58(9): p. 1133-1148. 

92. Yazdankhah, S., et al., The history of antibiotics. Tidsskrift for den Norske laegeforening: tidsskrift for 
praktisk medicin, ny raekke, 2013. 133(23-24): p. 2502-2507. 

93. Clardy, J., M.A. Fischbach, and C.R. Currie, The natural history of antibiotics. Current biology, 2009. 
19(11): p. R437-R441. 

94. Zaffiri, L., J. Gardner, and L.H. Toledo-Pereyra, History of antibiotics. From salvarsan to cephalosporins. 
Journal of Investigative Surgery, 2012. 25(2): p. 67-77. 

95. Aminov, R.I., A brief history of the antibiotic era: lessons learned and challenges for the future. Frontiers 
in microbiology, 2010. 1: p. 134. 

96. Fleming, A., On the antibacterial action of cultures of a penicillium, with special reference to their use in 
the isolation of B. influenzae. British journal of experimental pathology, 1929. 10(3): p. 226. 

97. Podolsky, S.H., The antibiotic era: reform, resistance, and the pursuit of a rational therapeutics. 2014: 
JHU Press. 

98. Kardos, N. and A.L. Demain, Penicillin: the medicine with the greatest impact on therapeutic outcomes. 
Applied microbiology and biotechnology, 2011. 92(4): p. 677-687. 

99. Davies, J. and D. Davies, Origins and evolution of antibiotic resistance. Microbiology and molecular 
biology reviews, 2010. 74(3): p. 417-433. 

100. Skold, O., Antibiotics and Antibiotics Resistance. First Edition ed. 2011, Canada: John Wiley & Sons. 
101. Guilfoile, P., & Alcamo, I. E. . Antibiotic Resistant Bacteria (Deadly Diseases And Epidemics) 2007, New 

York: Chelsea House .Infobase Publishing. 
102. Nathan, C. and O. Cars, Antibiotic resistance—problems, progress, and prospects. New England Journal 

of Medicine, 2014. 371(19): p. 1761-1763. 
103. Ventola, C.L., The antibiotic resistance crisis: part 1: causes and threats. Pharmacy and Therapeutics, 

2015. 40(4): p. 277. 
104. Kaiser, A.B., Antimicrobial prophylaxis in surgery. New England Journal of Medicine, 1986. 315(18): p. 

1129-1138. 
105. Kohanski, M.A., D.J. Dwyer, and J.J. Collins, How antibiotics kill bacteria: from targets to networks. 

Nature Reviews Microbiology, 2010. 8(6): p. 423-435. 
106. Kaufman, G., Antibiotics: mode of action and mechanisms of resistance. Nursing standard, 2011. 25(42): 

p. 49-55. 
107. Kohanski, M.A., et al., A common mechanism of cellular death induced by bactericidal antibiotics. Cell, 

2007. 130(5): p. 797-810. 
108. Moir, D.T., et al., New classes of antibiotics. Current opinion in pharmacology, 2012. 12(5): p. 535-544. 
109. Walsh, C. and T. Wencewicz, Antibiotics: challenges, mechanisms, opportunities. 2016: American Society 

for Microbiology (ASM). 
110. Zahner, H. and W.K. Maas, Biology of Antibiotics. Vol. 4. 1972: Springer-Verlag New York Inc. 
111. CDDEP, Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics., 2015.: 

Washington, D.C. 
112. Green, D.W., The bacterial cell wall as a source of antibacterial targets. Expert opinion on therapeutic 

targets, 2002. 6(1): p. 1-20. 
113. Gadebusch, H.H., E.O. Stapley, and S.B. Zimmerman, The discovery of cell wall active antibacterial 

antibiotics. Critical reviews in biotechnology, 1992. 12(3): p. 225-243. 
114. Salton, M., Structure and Function of Bacterial Cell Membranes. 1967. 
115. Ghuysen, J.-M. and R. Hakenbeck, Bacterial cell wall. Vol. 27. 1994: Elsevier. 
116. Martin, H.H., Biochemistry of bacterial cell walls. Annual review of biochemistry, 1966. 35(1): p. 457-

484. 
117. Silhavy, T.J., D. Kahne, and S. Walker, The bacterial cell envelope. Cold Spring Harbor perspectives in 

biology, 2010. 2(5): p. a000414. 
118. Bhattacharjee, M.K., Antibiotics That Inhibit Cell Wall Synthesis, in Chemistry of Antibiotics and Related 

Drugs. 2016, Springer. p. 49-94. 



88 

 

119. Coyle;, M.B. and A.S.f. Microbiology., <Manual of Antimicrobial Susceptibility Testing.pdf>. 2005: 
Washington, DC : American Society for Microbiology. 

120. Forbes, B.A., D.F. Sahm, and l.S. Weissfeld, Baily & Scott’s Diagnostic Microbiology, . Twelfth Edition 
ed. 2007, Philadelphia, PA, USA: Mosby, Inc., an affiliate of Elsevier Inc. 

121. Donowitz, G.R. and G.L. Mandell, Beta-lactam antibiotics. New England Journal of Medicine, 1988. 
318(8): p. 490-500. 

122. Prescott, J.F., Beta‐lactam Antibiotics. Antimicrobial Therapy in Veterinary Medicine, Fifth Edition, 2000: 
p. 153-173. 

123. Page, M.G., Beta-lactam antibiotics, in Antibiotic Discovery and Development. 2012, Springer. p. 79-117. 
124. Tomasz, A., The mechanism of the irreversible antimicrobial effects of penicillins: how the beta-lactam 

antibiotics kill and lyse bacteria. Annual Reviews in Microbiology, 1979. 33(1): p. 113-137. 
125. Waxman, D.J. and J.L. Strominger, Penicillin-binding proteins and the mechanism of action of beta-

lactam antibiotics1. Annual review of biochemistry, 1983. 52(1): p. 825-869. 
126. Gale, E.F., Mechanisms of antibiotic action. Pharmacological reviews, 1963. 15(3): p. 481-530. 
127. Reynolds, P.E., Structure, biochemistry and mechanism of action of glycopeptide antibiotics. European 

Journal of Clinical Microbiology and Infectious Diseases, 1989. 8(11): p. 943-950. 
128. Kahne, D., et al., Glycopeptide and lipoglycopeptide antibiotics. Chemical reviews, 2005. 105(2): p. 425-

448. 
129. Barna, J. and D. Williams, The structure and mode of action of glycopeptide antibiotics of the vancomycin 

group. Annual Reviews in Microbiology, 1984. 38(1): p. 339-357. 
130. Newton, B., Mechanisms of antibiotic action. Annual Reviews in Microbiology, 1965. 19(1): p. 209-240. 
131. Arenz, S. and D.N. Wilson, Bacterial Protein Synthesis as a Target for Antibiotic Inhibition. 2016. 
132. McCoy, L.S., Y. Xie, and Y. Tor, Antibiotics that target protein synthesis. Wiley Interdisciplinary 

Reviews: RNA, 2011. 2(2): p. 209-232. 
133. Hong, W., J. Zeng, and J. Xie, Antibiotic drugs targeting bacterial RNAs. Acta Pharmaceutica Sinica B, 

2014. 4(4): p. 258-265. 
134. Mukhtar, T.A. and G.D. Wright, Streptogramins, oxazolidinones, and other inhibitors of bacterial protein 

synthesis. Chemical reviews, 2005. 105(2): p. 529-542. 
135. Beard, N.S., S.A. Armentrout, and A.S. Weisberger, Inhibition of mammalian protein synthesis by 

antibiotics. Pharmacological reviews, 1969. 21(3): p. 213-245. 
136. Wilson, B.A., et al., Bacterial Pathogenesis - A Molecular Approach, , ed. r. Edition. 2011, 1752 N St. 

NW Washington, DC 20036-2904: ASM Press American Society for Microbiology 
 
137. Mingeot-Leclercq, M.-P., Y. Glupczynski, and P.M. Tulkens, Aminoglycosides: activity and resistance. 

Antimicrobial agents and chemotherapy, 1999. 43(4): p. 727-737. 
138. Kotra, L.P., J. Haddad, and S. Mobashery, Aminoglycosides: perspectives on mechanisms of action and 

resistance and strategies to counter resistance. Antimicrobial agents and chemotherapy, 2000. 44(12): p. 
3249-3256. 

139. Walter, F., Q. Vicens, and E. Westhof, Aminoglycoside–RNA interactions. Current opinion in chemical 
biology, 1999. 3(6): p. 694-704. 

140. Mehta, R. and W.S. Champney, 30S ribosomal subunit assembly is a target for inhibition by 
aminoglycosides in Escherichia coli. Antimicrobial agents and chemotherapy, 2002. 46(5): p. 1546-1549. 

141. Gonzalez 3rd, L. and J.P. Spencer, Aminoglycosides: a practical review. American family physician, 1998. 
58(8): p. 1811-1820. 

142. Chopra, I. and M. Roberts, Tetracycline antibiotics: mode of action, applications, molecular biology, and 
epidemiology of bacterial resistance. Microbiology and molecular biology reviews, 2001. 65(2): p. 232-
260. 

143. Schnappinger, D. and W. Hillen, Tetracyclines: antibiotic action, uptake, and resistance mechanisms. 
Archives of microbiology, 1996. 165(6): p. 359-369. 

144. O’Connor, R.P., Tetracyclines, chloramphenicol, macrolides, and lincosamides. 
145. Schönfeld, W. and H.A. Kirst, Macrolide antibiotics. 2002: Springer Science & Business Media. 
146. Mazzei, T., et al., Chemistry and mode of action of macrolides. Journal of Antimicrobial Chemotherapy, 

1993. 31(suppl C): p. 1-9. 
147. Omura, S., Macrolide antibiotics: chemistry, biology, and practice. 2002: Academic press. 
148. Gaynor, M. and A.S. Mankin, Macrolide antibiotics: binding site, mechanism of action, resistance. 

Current topics in medicinal chemistry, 2003. 3(9): p. 949-960. 
149. Heyns, A., Macrolides. South African Family Practice, 2012. 9(9). 
150. Davis, S., Macrolides and ketolides: more than just antimicrobials. SA Pharmaceutical Journal, 2011. 

78(6): p. 24-27. 



89 

 

151. Anderson, R.J., et al., Chloramphenicol. Antibacterial Agents: Chemistry, Mode of Action, Mechanisms of 
Resistance and Clinical Applications: p. 231-242. 

152. Christiansen, K., et al., Chloramphenicol for meningitis. The Lancet, 1983. 321(8325): p. 651-652. 
153. Vazquez, D. Mode of action of chloramphenicol and related antibiotics. in Symp. Soc. Gen. Microbiol. 

1966. 
154. Oliphant, C.M. and G.M. Green, Quinolones: a comprehensive review. American family physician, 2002. 

65(3): p. 455-464. 
155. Hooper, D. Quinolones. in 46th Annual Meeting. 2008. Idsa. 
156. Von Rosenstiel, N. and D. Adam, Quinolone antibacterials. Drugs, 1994. 47(6): p. 872-901. 
157. Hooper, D.C., Quinolone mode of action. Drugs, 1995. 49(2): p. 10-15. 
158. Luzzaro, F., Fluoroquinolones and Gram-negative bacteria: antimicrobial activity and mechanisms of 

resistance. Infez. Med, 2008. 16(Suppl 2): p. 5-11. 
159. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, <1Medical Microbiology Murray-6th ed.pdf>. 

Philadelphia: Mosby/Elsevier, ©2009. 
160. Cruciani, M. and D. Bassetti, The fluoroquinolones as treatment for infections caused by Gram-positive 

bacteria. Journal of Antimicrobial Chemotherapy, 1994. 33(3): p. 403-417. 
161. Takahashi, H., I. Hayakawa, and T. Akimoto, The history of the development and changes of quinolone 

antibacterial agents. Yakushigaku Zasshi, 2002. 38(2): p. 161-179. 
162. Prescott, L.M., D.A. Klein, and J.P. Harley, Microbiology. 2002, Boston: McGraw-Hill Global Education 

Holdings, LLC. 
163. Saravolatz, L.D. and J. Leggett, Gatifloxacin, gemifloxacin, and moxifloxacin: the role of 3 newer 

fluoroquinolones. Clinical infectious diseases, 2003. 37(9): p. 1210-1215. 
164. Gupta, S., et al., Colistin and polymyxin B: a re-emergence. Indian Journal of Critical Care Medicine, 

2009. 13(2): p. 49. 
165. Yu, Z., et al., Antibacterial mechanisms of polymyxin and bacterial resistance. BioMed research 

international, 2015. 2015. 
166. May, D.B., D.C. Hooper, and J. Mitty, Trimethoprim-sulfamethoxazole: An overview. 
167. Masters, P.A., et al., Trimethoprim-sulfamethoxazole revisited. Archives of Internal Medicine, 2003. 

163(4): p. 402-410. 
168. Hitchings, G.H., Mechanism of Action of Trimethoprim-Sulfamethoxazole: I. The Journal of Infectious 

Diseases, 1973: p. S433-S436. 
169. Gleckman, R., N. Blagg, and D.W. Joubert, Trimethoprim: mechanisms of action, antimicrobial activity, 

bacterial resistance, pharmacokinetics, adverse reactions, and therapeutic indications. Pharmacotherapy: 
The Journal of Human Pharmacology and Drug Therapy, 1981. 1(1): p. 14-19. 

170. Spellberg, B., et al., Trends in antimicrobial drug development: implications for the future. Clinical 
Infectious Diseases, 2004. 38(9): p. 1279-1286. 

171. Alanis, A.J., Resistance to antibiotics: are we in the post-antibiotic era? Archives of medical research, 
2005. 36(6): p. 697-705. 

172. Falagas, M.E. and I.A. Bliziotis, Pandrug-resistant Gram-negative bacteria: the dawn of the post-
antibiotic era? International journal of antimicrobial agents, 2007. 29(6): p. 630-636. 

173. Appelbaum, P.C., 2012 and beyond: potential for the start of a second pre-antibiotic era? J Antimicrob 
Chemother, 2012. 67(9): p. 2062-8. 

174. Lerner, S.A., Clinical impact of antibiotic resistance, in Resolving the Antibiotic Paradox. 1998, Springer. 
p. 7-15. 

175. Roberts, R.R., et al., Hospital and societal costs of antimicrobial-resistant infections in a Chicago teaching 
hospital: implications for antibiotic stewardship. Clin Infect Dis, 2009. 49(8): p. 1175-84. 

176. APUA. Alliance for the Prudent Use of Antibiotics (APUA). The cost of antibiotic resistance to U.S. 
families and the health care system.  23/November/2016]; Available from: 
http://emerald.tufts.edu/med/apua/consumers/personal_home_5_1451036133.pdf. 

177. ECDC. European Centre for Disease Prevention and Control (ECDC), European Medicines Agency 
(EMEA). ECDC/EMEA joint technical report. The bacterial challenge: time to react. Stockholm: ECDC, 
2009.  23/November/2016]; Available from: 
http://ecdc.europa.eu/en/publications/Publications/0909_TER_The_Bacterial_Challenge_Time_to_React.p
df. 

178. Bartoloni, A. and E. Gotuzzo, Bacterial-Resistant Infections in Resource-Limited Countries, in 
Antimicrobial Resistance in Developing Countries. 2010, Springer: New York p. 199-231. 

179. Okeke, I.N. and A. Sosa, Antibiotic Resistance in Africa–. 
180. Essack, S., et al., Antimicrobial resistance in the WHO African region: current status and roadmap for 

action. Journal of Public Health, 2016: p. fdw015. 



90 

 

181. Kimang'a, A.N., A situational analysis of antimicrobial drug resistance in Africa: are we losing the battle? 
Ethiop J Health Sci, 2012. 22(2): p. 135-43. 

182. Kariuki, S. and G. Dougan, Antibacterial resistance in sub-Saharan Africa: an underestimated emergency. 
Ann N Y Acad Sci, 2014. 1323: p. 43-55. 

183. Okeke, I.N., et al., Antimicrobial resistance in developing countries. Part I: recent trends and current 
status. Lancet Infect Dis, 2005. 5(8): p. 481-93. 

184. Tadesse, D., et al., Rapid assessment of drinking-water quality in the Federal Democratic Republic of 
Ethiopia: country report of the pilot project implementation in 2004-2005. Geneva: WHO/UNICEF, 2010. 

185. Beyene, A., et al., Current state and trends of access to sanitation in Ethiopia and the need to revise 
indicators to monitor progress in the Post-2015 era. BMC public health, 2015. 15(1): p. 451. 

186. FMOH, Health Sector Development Program IV 2010/11 – 2014/15. Federal Ministry of Health, Ethiopia, 
2010. 

187. EDACA, Antimcirobials use, resistance and containment baseline survey. Drug administration and 
control authority of ethiopia. , addis ababa. 2009. 

188. Worku, S. and A. G/Mariam, Practice of self medication in Jimma town. Ethiop J. Health Dev, 2003. 17: p. 
111-116. 

189. Quinteros, M., et al., Extended-spectrum β-lactamases in Enterobacteriaceae in Buenos Aires, Argentina, 
public hospitals. Antimicrobial agents and chemotherapy, 2003. 47(9): p. 2864-2867. 

190. WHO, Antimicrobial resistance  Fact sheet Updated September 2016. 
191. Rao, G.G., Risk factors for the spread of antibiotic-resistant bacteria. Drugs, 1998. 55(3): p. 323-30. 
192. WHO, The evolving threat of antimicrobial resistance: options for action: executive summary. 2012. 
193. Holmes, A.H., et al., Understanding the mechanisms and drivers of antimicrobial resistance. Lancet, 2016. 

387(10014): p. 176-87. 
194. WHO, Worldwide country situation analysis: response to antimicrobial resistance. 2015. 
195. Toma, A. and S. Deyno, Overview on Mechanisms of Antibacterial Resistance. International Journal of 

Research in Pharmacy and Biosciences, 2015. 2(1). 
196. Harbarth, S. and D.L. Monnet, Cultural and socioeconomic determinants of antibiotic use, in Antibiotic 

policies: fighting resistance. 2008, Springer. p. 29-40. 
197. Silva, J., Mechanisms of antibiotic resistance. Current therapeutic research, 1996. 57(13): p. 30-35. 
198. Cox, G. and G.D. Wright, Intrinsic antibiotic resistance: mechanisms, origins, challenges and solutions. 

Int J Med Microbiol, 2013. 303(6-7): p. 287-92. 
199. Zhang, Y., Mechanisms of antibiotic resistance in the microbial world. 
200. Blair, J.M.A., et al., Molecular mechanisms of antibiotic resistance. Nat Rev Micro, 2015. 13(1): p. 42-51. 
201. Tenover, F.C., Mechanisms of antimicrobial resistance in bacteria. American Journal of Infection Control, 

2006. 34(5, Supplement): p. S3-S10. 
202. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 

bacilli. Annals of intensive care, 2015. 5(1): p. 1. 
203. Hancock, R.E., Resistance mechanisms in Pseudomonas aeruginosa and other nonfermentative gram-

negative bacteria. Clinical Infectious Diseases, 1998. 27(Supplement 1): p. S93-S99. 
204. Sanders, C.C. and W.E. Sanders, β-Lactam resistance in gram-negative bacteria: global trends and 

clinical impact. Clinical Infectious Diseases, 1992. 15(5): p. 824-839. 
205. Alekshun, M.N. and S.B. Levy, Molecular mechanisms of antibacterial multidrug resistance. Cell, 2007. 

128(6): p. 1037-1050. 
206. Poole, K., Multidrug resistance in Gram-negative bacteria. Current opinion in microbiology, 2001. 4(5): 

p. 500-508. 
207. Denyer, S.P. and J.Y. Maillard, Cellular impermeability and uptake of biocides and antibiotics in 

Gram‐negative bacteria. Journal of applied microbiology, 2002. 92(s1). 
208. Delcour, A.H., Outer membrane permeability and antibiotic resistance. Biochimica et Biophysica Acta 

(BBA)-Proteins and Proteomics, 2009. 1794(5): p. 808-816. 
209. Pagès, J.-M., C.E. James, and M. Winterhalter, The porin and the permeating antibiotic: a selective 

diffusion barrier in Gram-negative bacteria. Nature Reviews Microbiology, 2008. 6(12): p. 893-903. 
210. Blair, J.M., G.E. Richmond, and L.J. Piddock, Multidrug efflux pumps in Gram-negative bacteria and their 

role in antibiotic resistance. Future microbiology, 2014. 9(10): p. 1165-1177. 
211. Li, X.Z., P. Plesiat, and H. Nikaido, The challenge of efflux-mediated antibiotic resistance in Gram-

negative bacteria. Clin Microbiol Rev, 2015. 28(2): p. 337-418. 
212. Leclercq, R. and P. Courvalin, Bacterial resistance to macrolide, lincosamide, and streptogramin 

antibiotics by target modification. Antimicrobial agents and chemotherapy, 1991. 35(7): p. 1267. 
213. Woodford, N. and M.J. Ellington, The emergence of antibiotic resistance by mutation. Clinical 

Microbiology and Infection, 2007. 13(1): p. 5-18. 



91 

 

214. Spratt, B.G., Resistance to antibiotics mediated by target alterations. Science-AAAS-Weekly Paper 
Edition-including Guide to Scientific Information, 1994. 264(5157): p. 388-396. 

215. Weigel, L.M., C.D. Steward, and F.C. Tenover, gyrA mutations associated with fluoroquinolone resistance 
in eight species ofEnterobacteriaceae. Antimicrobial Agents and Chemotherapy, 1998. 42(10): p. 2661-
2667. 

216. Courvalin, P., B. Weisblum, and J. Davies, Aminoglycoside-modifying enzyme of an antibiotic-producing 
bacterium acts as a determinant of antibiotic resistance in Escherichia coli. Proceedings of the National 
Academy of Sciences, 1977. 74(3): p. 999-1003. 

217. Rawat, D. and D. Nair, Extended-spectrum ß-lactamases in gram negative bacteria. Journal of global 
infectious diseases, 2010. 2(3): p. 263. 

218. Manageiro, V., Dynamics of β-lactamases in Gram-negative bacteria. 2011. 
219. Davies, J.E., Resistance to aminoglycosides: mechanisms and frequency. Review of Infectious Diseases, 

1983. 5(Supplement 2): p. S261-S267. 
220. Ramirez, M.S. and M.E. Tolmasky, Aminoglycoside modifying enzymes. Drug Resistance Updates, 2010. 

13(6): p. 151-171. 
221. Nikaido, H., Multidrug resistance in bacteria. Annual review of biochemistry, 2009. 78: p. 119-146. 
222. Rice, L.B. and R.A. Bonomo, Mechanisms of resistance to antibacterial agents, in Manual of Clinical 

Microbiology, 10th Edition. 2011, American Society of Microbiology. p. 1082-1114. 
223. Chong, Y., et al., Community spread of extended-spectrum β-lactamase-producing Escherichia coli, 

Klebsiella pneumoniae and Proteus mirabilis: a long-term study in Japan. Journal of medical 
microbiology, 2013. 62(7): p. 1038-1043. 

224. Paterson, D.L., Resistance in gram-negative bacteria: Enterobacteriaceae. Am J Infect Control, 2006. 
34(5 Suppl 1): p. S20-8; discussion S64-73. 

225. Rupp, M.E. and P.D. Fey, Extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae: 
considerations for diagnosis, prevention and drug treatment. Drugs, 2003. 63(4): p. 353-65. 

226. Meier, S., et al., Extended-spectrum beta-lactamase-producing Gram-negative pathogens in community-
acquired urinary tract infections: an increasing challenge for antimicrobial therapy. Infection, 2011. 39. 

227. Pitout, J.D., et al., Emergence of Enterobacteriaceae producing extended-spectrum beta-lactamases 
(ESBLs) in the community. J Antimicrob Chemother, 2005. 56. 

228. Kassakian, S.Z. and L.A. Mermel, Changing epidemiology of infections due to extended spectrum beta-
lactamase producing bacteria. Antimicrobial Resistance and Infection Control, 2014. 3(1): p. 9. 

229. Paterson, D.L. and R.A. Bonomo, Extended-spectrum beta-lactamases: a clinical update. Clin Microbiol 
Rev, 2005. 18(4): p. 657-86. 

230. Gupta, V., et al., Coexistence of extended spectrum beta-lactamases, AmpC beta-lactamases and metallo-
beta-lactamases in Acinetobacter baumannii from burns patients: a report from a tertiary care centre of 
India. Ann Burns Fire Disasters, 2013. 26(4): p. 189-92. 

231. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 
bacilli. Annals of intensive care, 2015. 5(1): p. 21. 

232. Meletis, G., Carbapenem resistance: overview of the problem and future perspectives. Therapeutic 
advances in infectious disease, 2016. 3(1): p. 15-21. 

233. Rao, S.P., et al., Extended-spectrum beta-lactamases producing Escherichia coli and Klebsiella 
pneumoniae: A multi-centric study across Karnataka. Journal of laboratory physicians, 2014. 6(1): p. 7. 

234. Goyal, A., et al., Extended spectrum β--lactamases in Escherichia coli & Klebsiella pneumoniae & 
associated risk factors. 2009. 

235. Bradford, P.A., Extended-spectrum β-lactamases in the 21st century: characterization, epidemiology, and 
detection of this important resistance threat. Clinical microbiology reviews, 2001. 14(4): p. 933-951. 

236. Choi, S.-H., et al., Prevalence, microbiology, and clinical characteristics of extended-spectrum β-
lactamase-producing Enterobacter spp., Serratia marcescens, Citrobacter freundii, and Morganella 
morganii in Korea. European Journal of Clinical Microbiology & Infectious Diseases, 2007. 26(8): p. 557-
561. 

237. Ben-Ami, R., et al., A multinational survey of risk factors for infection with extended-spectrum β-
lactamase-producing Enterobacteriaceae in nonhospitalized patients. Clinical Infectious Diseases, 2009. 
49(5): p. 682-690. 

238. Peled, N., et al., Extended-spectrum beta-lactamase-producing Enterobacteriaceae strains in community-
acquiredbacteremia in Southern Israel. Medical Science Monitor, 2002. 8(1): p. CR44-CR47. 

239. Canton, R. and T.M. Coque, The CTX-M beta-lactamase pandemic. Curr Opin Microbiol, 2006. 9(5): p. 
466-75. 

240. Rossolini, G.M., M.M. D'Andrea, and C. Mugnaioli, The spread of CTX-M-type extended-spectrum beta-
lactamases. Clin Microbiol Infect, 2008. 14 Suppl 1: p. 33-41. 



92 

 

241. Gootz, T.D., Global dissemination of beta-lactamases mediating resistance to cephalosporins and 
carbapenems. Expert Rev Anti Infect Ther, 2004. 2(2): p. 317-27. 

242. Salverda, M.L., J.A. De Visser, and M. Barlow, Natural evolution of TEM-1 beta-lactamase: experimental 
reconstruction and clinical relevance. FEMS Microbiol Rev, 2010. 34(6): p. 1015-36. 

243. Jacoby, G.A. and A.A. Medeiros, More extended-spectrum beta-lactamases. Antimicrobial Agents and 
Chemotherapy, 1991. 35(9): p. 1697. 

244. Bush, K., T. Palzkill, and G. Jacoby, Lactamase classification and amino acid sequences for TEM, SHV 
and OXA extended-spectrum and inhibitor resistant enzymes. Lahey Clinic, Burlington, MA, 2015. 

245. Tzouvelekis, L.S. and R.A. Bonomo, SHV-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 847-64. 
246. Huletsky, A., J.R. Knox, and R.C. Levesque, Role of Ser-238 and Lys-240 in the hydrolysis of third-

generation cephalosporins by SHV-type beta-lactamases probed by site-directed mutagenesis and three-
dimensional modeling. J Biol Chem, 1993. 268(5): p. 3690-7. 

247. Shaikh, S., et al., Antibiotic resistance and extended spectrum beta-lactamases: Types, epidemiology and 
treatment. Saudi journal of biological sciences, 2015. 22(1): p. 90-101. 

248. Paterson, D.L. and R.A. Bonomo, Extended-spectrum β-lactamases: a clinical update. Clinical 
microbiology reviews, 2005. 18(4): p. 657-686. 

249. Bonnet, R., Growing group of extended-spectrum β-lactamases: the CTX-M enzymes. Antimicrobial agents 
and chemotherapy, 2004. 48(1): p. 1-14. 

250. Lahlaoui, H., A.B.H. Khalifa, and M.B. Moussa, Epidemiology of Enterobacteriaceae producing CTX-M 
type extended spectrum β-lactamase (ESBL). Médecine et Maladies Infectieuses, 2014. 44(9): p. 400-404. 

251. Zhao, W.-H. and Z.-Q. Hu, Epidemiology and genetics of CTX-M extended-spectrum β-lactamases in 
Gram-negative bacteria. Critical reviews in microbiology, 2013. 39(1): p. 79-101. 

252. Evans, B.A. and S.G. Amyes, OXA β-lactamases. Clinical microbiology reviews, 2014. 27(2): p. 241-263. 
253. Maurya, A.P., et al., Emergence of integron borne PER-1 mediated extended spectrum cephalosporin 

resistance among nosocomial isolates of Gram-negative bacilli. The Indian journal of medical research, 
2015. 141(6): p. 816. 

254. Naas, T., L. Poirel, and P. Nordmann, Minor extended‐spectrum β‐lactamases. Clinical microbiology and 
infection, 2008. 14(s1): p. 42-52. 

255. Naas, T. and P. Nordmann, OXA-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 865-79. 
256. Nordmann, P., et al., Characterization of a novel extended-spectrum beta-lactamase from Pseudomonas 

aeruginosa. Antimicrobial Agents and Chemotherapy, 1993. 37(5): p. 962-969. 
257. Libisch, B., et al., Identification of PER-1 extended-spectrum β-lactamase producing Pseudomonas 

aeruginosa clinical isolates of the international clonal complex CC11 from Hungary and Serbia. FEMS 
Immunology & Medical Microbiology, 2008. 54(3): p. 330-338. 

258. Iabadene, H., et al., Emergence of extended-spectrum β-lactamase PER-1 in Proteus vulgaris and 
Providencia stuartii isolates from Algiers, Algeria. Antimicrobial agents and chemotherapy, 2009. 53(9): 
p. 4043-4044. 

259. Poirel, L., et al., Molecular and biochemical characterization of VEB-1, a novel class A extended-spectrum 
β-lactamase encoded by an Escherichia coli integron gene. Antimicrobial Agents and Chemotherapy, 
1999. 43(3): p. 573-581. 

260. Manchanda, V. and N.P. Singh, Occurrence and detection of AmpC β-lactamases among Gram-negative 
clinical isolates using a modified three-dimensional test at Guru Tegh Bahadur Hospital, Delhi, India. 
Journal of Antimicrobial Chemotherapy, 2003. 51(2): p. 415-418. 

261. Jacoby, G.A., AmpC β-lactamases. Clinical microbiology reviews, 2009. 22(1): p. 161-182. 
262. Philippon, A., G. Arlet, and G.A. Jacoby, Plasmid-determined AmpC-type β-lactamases. Antimicrobial 

agents and chemotherapy, 2002. 46(1): p. 1-11. 
263. Thomson, K.S., Extended-spectrum-β-lactamase, AmpC, and carbapenemase issues. Journal of clinical 

microbiology, 2010. 48(4): p. 1019-1025. 
264. Black, J.A., E.S. Moland, and K.S. Thomson, AmpC disk test for detection of plasmid-mediated AmpC β-

lactamases in Enterobacteriaceae lacking chromosomal AmpC β-lactamases. Journal of clinical 
microbiology, 2005. 43(7): p. 3110-3113. 

265. Bauernfeind, A., Y. Chong, and K. Lee, Plasmid-encoded AmpC ß-lactamases: how far have we gone 10 
years after the discovery. Yonsei medical journal, 1998. 39: p. 520-25. 

266. Queenan, A.M. and K. Bush, Carbapenemases: the versatile β-lactamases. Clinical microbiology reviews, 
2007. 20(3): p. 440-458. 

267. Dahiya, S., et al., Carbapenemasea: A Review. International Journal of Advanced Health Sciences, 2015. 
2(4): p. 11-17. 

268. Bush, K., G.A. Jacoby, and A.A. Medeiros, A functional classification scheme for beta-lactamases and its 
correlation with molecular structure. Antimicrobial agents and chemotherapy, 1995. 39(6): p. 1211. 



93 

 

269. Nordmann, P. and L. Poirel, Emerging carbapenemases in Gram‐negative aerobes. Clinical Microbiology 
and Infection, 2002. 8(6): p. 321-331. 

270. Cuzon, G., T. Naas, and P. Nordmann, KPC carbapenemases: what is at stake in clinical microbiology? 
Pathologie-biologie, 2010. 58(1): p. 39-45. 

271. Arnold, R.S., et al., Emergence of Klebsiella pneumoniae carbapenemase (KPC)-producing bacteria. 
Southern medical journal, 2011. 104(1): p. 40. 

272. Poirel, L., J.D. Pitout, and P. Nordmann, Carbapenemases: molecular diversity and clinical consequences. 
2007. 

273. Yong, D., et al., Characterization of a new metallo-β-lactamase gene, blaNDM-1, and a novel 
erythromycin esterase gene carried on a unique genetic structure in Klebsiella pneumoniae sequence type 
14 from India. Antimicrobial agents and chemotherapy, 2009. 53(12): p. 5046-5054. 

274. Cornaglia, G., H. Giamarellou, and G.M. Rossolini, Metallo-β-lactamases: a last frontier for β-lactams? 
The Lancet infectious diseases, 2011. 11(5): p. 381-393. 

275. Nordmann, P., et al., The emerging NDM carbapenemases. Trends in microbiology, 2011. 19(12): p. 588-
595. 

276. Wilson, M.E. and L.H. Chen, NDM-1 and the role of travel in its dissemination. Current infectious disease 
reports, 2012. 14(3): p. 213-226. 

277. Rasheed, J.K., et al., New Delhi metallo-β-lactamase-producing enterobacteriaceae, United States. Emerg 
Infect Dis, 2013. 19(6): p. 870-8. 

278. Bonomo, R.A., New Delhi metallo-β-lactamase and multidrug resistance: a global SOS? Clinical 
Infectious Diseases, 2011. 52(4): p. 485-487. 

279. Dortet, L., L. Poirel, and P. Nordmann, Worldwide dissemination of the NDM-type carbapenemases in 
Gram-negative bacteria. BioMed research international, 2014. 2014. 

280. Berrazeg, M., et al., New Delhi Metallo-beta-lactamase around the world: an eReview using Google Maps. 
Euro Surveill, 2014. 19(20): p. 20809. 

281. Kim, U.J., et al., Update on the Epidemiology, Treatment, and Outcomes of Carbapenem-resistant 
Acinetobacter infections. Chonnam medical journal, 2014. 50(2): p. 37-44. 

282. Bonnin, R.A., L. Poirel, and P. Nordmann, New Delhi metallo-β-lactamase-producing Acinetobacter 
baumannii: a novel paradigm for spreading antibiotic resistance genes. Future microbiology, 2014. 9(1): 
p. 33-41. 

283. Poirel, L. and P. Nordmann, Carbapenem resistance in Acinetobacter baumannii: mechanisms and 
epidemiology. Clinical Microbiology and Infection, 2006. 12(9): p. 826-836. 

284. Maya, J.J., et al., Current status of carbapenemases in Latin America. Expert review of anti-infective 
therapy, 2013. 11(7): p. 657-667. 

285. Docquier, J.-D., et al., Crystal structure of the OXA-48 β-lactamase reveals mechanistic diversity among 
class D carbapenemases. Chemistry & biology, 2009. 16(5): p. 540-547. 

286. Gelband, H., et al., The state of the world's antibiotics 2015. Wound Healing Southern Africa, 2015. 8(2): 
p. 30-34. 

287. Goel, V., S.A. Hogade, and S. Karadesai, Prevalence of extended-spectrum beta-lactamases, AmpC beta-
lactamase, and metallo-beta-lactamase producing Pseudomonas aeruginosa and Acinetobacter baumannii 
in an intensive care unit in a tertiary care hospital. Journal of the Scientific Society, 2013. 40(1): p. 28. 

288. Knothe, H., et al., Transferable resistance to cefotaxime, cefoxitin, cefamandole and cefuroxime in clinical 
isolates of Klebsiella pneumoniae and Serratia marcescens. Infection, 1983. 11(6): p. 315-7. 

289. Günseren, F., et al., A surveillance study of antimicrobial resistance of gram-negative bacteria isolated 
from intensive care units in eight hospitals in Turkey. Journal of Antimicrobial Chemotherapy, 1999. 
43(3): p. 373-378. 

290. Baraniak, A., et al., Evolution of TEM-type extended-spectrum β-lactamases in clinical Enterobacteriaceae 
strains in Poland. Antimicrobial agents and chemotherapy, 2005. 49(5): p. 1872-1880. 

291. Giamarellou, H., Multidrug resistance in Gram-negative bacteria that produce extended-spectrum β-
lactamases (ESBLs). Clinical Microbiology and Infection, 2005. 11, Supplement 4: p. 1-16. 

292. Nordmann, P., Global Spread of Carbapenemase-producing Enterobacteriaceae-Volume 17, Number 10—
October 2011-Emerging Infectious Disease journal-CDC. 2011. 

293. Freitas, F. and M. Alves. Worldwide prevalence and distribution of acquired AmpC-β-lactamases in 
Enterobacteriaceae lacking inducible AmpC. in X Congresso de Análises Clínicas e de Saúde Pública. 
2012. Sociedade Portuguesa de Bioanalistas Clínicos. 

294. Denisuik, A.J., et al., Molecular epidemiology of extended-spectrum β-lactamase-, AmpC β-lactamase-and 
carbapenemase-producing Escherichia coli and Klebsiella pneumoniae isolated from Canadian hospitals 
over a 5 year period: CANWARD 2007–11. Journal of Antimicrobial Chemotherapy, 2013. 68(suppl 1): p. 
i57-i65. 



94 

 

295. Control, C.f.D. and Prevention, Facility guidance for control of carbapenem-resistant Enterobacteriaceae 
(CRE). Update CRE Toolkit, 2015. 

296. Lewis, J.S., et al., First report of the emergence of CTX-M-type extended-spectrum beta-lactamases 
(ESBLs) as the predominant ESBL isolated in a U.S. health care system. Antimicrob Agents Chemother, 
2007. 51. 

297. Hirakata, Y., et al., Regional variation in the prevalence of extended-spectrum β-lactamase–producing 
clinical isolates in the Asia-Pacific region (SENTRY 1998–2002). Diagnostic microbiology and infectious 
disease, 2005. 52(4): p. 323-329. 

298. Sheng, W.-H., R.E. Badal, and P.-R. Hseuh, Distribution of Extended-spectrum β-lactamases (ESBLs), 
AmpC β-lactamases, and carbapenemases among Enterobacteriaceae isolates causing intra-abdominal 
infections in Asia-Pacific: the Study for Monitoring Antimicrobial Resistance Trends (SMART). 
Antimicrobial agents and chemotherapy, 2013: p. AAC. 00971-12. 

299. Kiratisin, P., et al., Molecular characterization and epidemiology of extended-spectrum-β-lactamase-
producing Escherichia coli and Klebsiella pneumoniae isolates causing health care-associated infection in 
Thailand, where the CTX-M family is endemic. Antimicrobial agents and chemotherapy, 2008. 52(8): p. 
2818-2824. 

300. Yu, Y., et al., Epidemiological and antibiotic resistant study on extended-spectrum beta-lactamase-
producing Escherichia coli and Klebsiella pneumoniae in Zhejiang Province. Chinese medical journal, 
2002. 115(10): p. 1479-1482. 

301. Du, J., et al., Phenotypic and molecular characterization of multidrug resistant Klebsiella pneumoniae 
isolated from a university teaching hospital, China. PloS one, 2014. 9(4): p. e95181. 

302. Doddaiah, V. and D. Anjaneya, Prevalence of ESBL, AmpC and carbapenemase among Gram negative 
bacilli isolated from clinical specimens. Am J Life Sci, 2014. 2(2): p. 76-81. 

303. Shahandeh, Z., F. Sadighian, and K.B. Rekabpou, Phenotypic study of Extended-spectrum beta-lactamase, 
AmpC and Carbapenemase among E. coli clinical isolates in affiliated hospitals of Babol University of 
Medical Sciences. International Journal of Health System and Disaster Management, 2015. 3(2): p. 74. 

304. Ibrahim, A.-S. and N. Youssef, Prevalence of CTX-M, TEM and SHV Beta-lactamases in Clinical Isolates 
of Escherichia Coli and Klebsiella Pneumoniae Isolated From Aleppo University Hospitals, Aleppo, Syria. 
Archives of Clinical Infectious Diseases, 2015. 10(2). 

305. Kandeel, A., Epidemiology of carbapenemase producing Enterobacteriaceae in a general hospital. 2015. 
306. Coque, T., F. Baquero, and R. Canton, Increasing prevalence of ESBL-producing Enterobacteriaceae in 

Europe. Euro surveill, 2008. 13(47): p. 1-11. 
307. Control, E.C.f.D.P.a., Antimicrobial resistance surveillance in Europe 2015. Annual Report of the 

European Antimicrobial Resistance Surveillance Network (EARS-Net). 
. 2015: Stockholm: . 
308. Leistner, R., et al., Regional distribution of nosocomial infections due to ESBL-positive 

Enterobacteriaceae in Germany: data from the German National Reference Center for the Surveillance of 
Nosocomial Infections (KISS). Clinical Microbiology and Infection, 2015. 21(3): p. 255. e1-255. e5. 

309. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 
187. 

310. Kola, A., et al., High prevalence of extended-spectrum-β-lactamase-producing Enterobacteriaceae in 
organic and conventional retail chicken meat, Germany. Journal of Antimicrobial Chemotherapy, 2012. 
67(11): p. 2631-2634. 

311. Odenthal, S., Ö. Akineden, and E. Usleber, Extended-spectrum β-lactamase producing Enterobacteriaceae 
in bulk tank milk from German dairy farms. International Journal of Food Microbiology, 2016. 238: p. 72-
78. 

312. Scapaticci, M., G. Fossen, and V. Ius, Epidemiology of extended spectrum β-lactamase, AmpC and class A 
carbapenemases-producing organisms isolated at San Camillo Hospital of Treviso (Italy) between April 
2012 and March 2014. Microbiologia Medica, 2016. 31(1). 

313. Önnberg, A., et al., Molecular and phenotypic characterization of Escherichia coli and Klebsiella 
pneumoniae producing extended‐spectrum β‐lactamases with focus on CTX‐M in a low‐endemic area in 
Sweden. Apmis, 2011. 119(4‐5): p. 287-295. 

314. Pfaller, M.A. and R.N. Jones, Antimicrobial susceptibility of inducible AmpC β-lactamase-producing 
Enterobacteriaceae from the Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) 
Programme, Europe 1997–2000. International Journal of Antimicrobial Agents, 2002. 19(5): p. 383-388. 

315. Storberg, V., ESBL-producing Enterobacteriaceae in Africa–a non-systematic literature review of 
research published 2008–2012. Infection ecology & epidemiology, 2014. 4. 



95 

 

316. Ehlers, M.M., et al., Detection of blaSHV, blaTEM and blaCTX-M antibiotic resistance genes in randomly 
selected bacterial pathogens from the Steve Biko Academic Hospital. FEMS Immunology & Medical 
Microbiology, 2009. 56(3): p. 191-196. 

317. Storberg, V., ESBL-producing Enterobacteriaceae in Africa-a non-systematic literature review of research 
published 2008-2012. Infection ecology & epidemiology, 2014. 4. 

318. Yusuf, I., et al., Detection of multi drug resistant bacteria in major hospitals in Kano, North-West, 
Nigeria. Brazilian Journal of Microbiology, 2014. 45(3): p. 791-798. 

319. Iabadene, H., et al., Prevalence of plasmid-mediated AmpC beta-lactamases among Enterobacteriaceae in 
Algiers hospitals. Int J Antimicrob Agents, 2009. 34(4): p. 340-2. 

320. Messai, Y., et al., Prevalence and characterization of extended-spectrum beta-lactamases in Klebsiella 
pneumoniae in Algiers hospitals (Algeria). Pathol Biol (Paris), 2008. 56(5): p. 319-25. 

321. Iabadene, H., et al., Dissemination of ESBL and Qnr determinants in Enterobacter cloacae in Algeria. J 
Antimicrob Chemother, 2008. 62(1): p. 133-6. 

322. Fam, N., et al., CTX-M-15-producing Escherichia coli clinical isolates in Cairo (Egypt), including isolates 
of clonal complex ST10 and clones ST131, ST73, and ST405 in both community and hospital settings. 
Microb Drug Resist, 2011. 17(1): p. 67-73. 

323. Poirel, L., et al., Emergence of NDM-1-producing Klebsiella pneumoniae in Morocco. J Antimicrob 
Chemother, 2011. 66(12): p. 2781-3. 

324. Girlich, D., et al., High rate of faecal carriage of extended‐spectrum β‐lactamase and OXA‐48 
carbapenemase‐producing Enterobacteriaceae at a University hospital in Morocco. Clinical Microbiology 
and Infection, 2014. 20(4): p. 350-354. 

325. Sonda, T., et al., Meta-analysis of proportion estimates of Extended-Spectrum-Beta-Lactamase-producing 
Enterobacteriaceae in East Africa hospitals. Antimicrobial Resistance & Infection Control, 2016. 5(1): p. 
18. 

326. Mushi, M.F., et al., Carbapenemase genes among multidrug resistant gram negative clinical isolates from 
a tertiary hospital in Mwanza, Tanzania. BioMed research international, 2014. 2014. 

327. Okoche, D., et al., Prevalence and characterization of carbapenem-resistant Enterobacteriaceae isolated 
from Mulago National Referral Hospital, Uganda. PloS one, 2015. 10(8): p. e0135745. 

328. Mulisa, G., et al., Prevalence of Extended Spectrum Beta-lactamase Producing Enterobacteriaceae: A 
Cross Sectional Study at Adama Hospital, Adama, Ethiopia. J Emerg Infect Dis, 2016. 1(102): p. 2. 

329. Siraj, S.M., S. Ali, and B. Wondafrash, Extended-spectrum-lactamase production and antimicrobial 
resistance in Klebsiella pneumoniae and Escherichia coli among inpatients and outpatients of Jimma 
University Specialized Hospital, South-West, Ethiopia. African Journal of Microbiology Research, 2014. 
8(43): p. 3687-3694. 

330. Seid, J. and D. Asrat, Occurrence of extended spectrum β-lactamase enzymes in clinical isolates of 
Klebsiella species from Harar region, eastern Ethiopia. Acta tropica, 2005. 95(2): p. 143-148. 

331. Mulualem, Y., et al., Occurrence of extended spectrum beta lactamases in multi-drug resistant Escherichia 
coli isolated from a clinical setting in Jimma University Specialized Hospital, Jimma, southwest Ethiopia. 
East Afr J Public Health, 2012. 9(2): p. 58-61. 

332. Legese, M.H., G.M. Weldearegay, and D. Asrat, Extended-spectrum beta-lactamase-and carbapenemase-
producing Enterobacteriaceae among Ethiopian children. Infection and Drug Resistance, 2017. 10: p. 27. 

333. Shiferaw, T., et al., Bacterial contamination, bacterial profile and antimicrobial susceptibility pattern of 
isolates from stethoscopes at Jimma University Specialized Hospital. Annals of clinical microbiology and 
antimicrobials, 2013. 12(1): p. 39. 

334. Dabsu, R., Y. Woldeamanuel, and D. Asrat, Otoscope and stethoscope: Vehicles for microbial 
colonization at Tikur Anbessa Specialized Referral Hospital, Addis Ababa, Ethiopia. The Ethiopian 
Journal of Health Development (EJHD), 2014. 28(1). 

335. Abera, B., M. Kibret, and W. Mulu, Extended-Spectrum beta (β)-Lactamases and Antibiogram in 
Enterobacteriaceae from Clinical and Drinking Water Sources from Bahir Dar City, Ethiopia. PloS one, 
2016. 11(11): p. e0166519. 

336. Desta, K., et al., High Gastrointestinal Colonization Rate with Extended-Spectrum β-Lactamase-Producing 
Enterobacteriaceae in Hospitalized Patients: Emergence of Carbapenemase-Producing K. pneumoniae in 
Ethiopia. PLoS One, 2016. 11(8): p. e0161685. 

337. Eshetie, S., et al., Multidrug resistant and carbapenemase producing Enterobacteriaceae among patients 
with urinary tract infection at referral Hospital, Northwest Ethiopia. Antimicrobial resistance and 
infection control, 2015. 4(1): p. 12. 

338. BETESEB, Y., DETECTION OF EXTENDED SPECTRUM _-LACTAMASE PRODUCING AND 
MULTIDRUG RESISTANT ESCHERICHIA COLI FROM PATIENTS AT TIKUR ANBASSA HOSPITAL, 
ADDIS ABABA, 2005, aau. 



96 

 

339. Kac, G., et al., Molecular epidemiology of extended-spectrum beta-lactamase-producing 
Enterobacteriaceae isolated from environmental and clinical specimens in a cardiac surgery intensive 
care unit. Infection Control & Hospital Epidemiology, 2004. 25(10): p. 852-855. 

340. Touati, A., et al., Enterobacter cloacae and Klebsiella pneumoniae isolates producing CTX-M-15 
recovered from hospital environmental surfaces from Algeria. Journal of Hospital Infection, 2008. 68(2): 
p. 183-185. 

341. George, E., et al., Incidence of extended spectrum beta lactamase producing Escherichia coli among 
patients, healthy individuals and in the environment. Indian journal of medical microbiology, 2014. 32(2): 
p. 172. 

342. Kramer, A., I. Schwebke, and G. Kampf, How long do nosocomial pathogens persist on inanimate 
surfaces? A systematic review. BMC infectious diseases, 2006. 6(1): p. 130. 

343. Huang, S.S., R. Datta, and R. Platt, Risk of acquiring antibiotic-resistant bacteria from prior room 
occupants. Archives of Internal Medicine, 2006. 166(18): p. 1945-1951. 

344. Guet-Revillet, H., et al., Environmental contamination with extended-spectrum β-lactamases: Is there any 
difference between Escherichia coli and Klebsiella spp? American Journal of Infection Control, 2012. 
40(9): p. 845-848. 

345. Fekety, R., et al., Epidemiology of antibiotic-associated colitis: isolation of Clostridium difficile from the 
hospital environment. The American journal of medicine, 1981. 70(4): p. 906-908. 

346. Weinstein, R.A. and B. Hota, Contamination, disinfection, and cross-colonization: are hospital surfaces 
reservoirs for nosocomial infection? Clinical infectious diseases, 2004. 39(8): p. 1182-1189. 

347. Muzslay, M., et al., ESBL-producing Gram-negative organisms in the healthcare environment as a source 
of genetic material for resistance in human infections. Journal of Hospital Infection, 2017. 95(1): p. 59-64. 

348. DEBABZA MANEL, M.A.A.C.H., PREVALENCE AND CHARACTERIZATION OF 
EXTENDEDSPECTRUM β-LACTAMASE- PRODUCING ENTEROBACTERIACEAE ISOLATED FROM 
HOSPITAL ENVIRONMENTS. Asian Jr. of Microbiol. Biotech. Env. Sc. , 2014. 16,( 1): p. 19-27. 

349. Weber, D.J. and W.A. Rutala, Understanding and preventing transmission of healthcare-associated 
pathogens due to the contaminated hospital environment. Infection Control & Hospital Epidemiology, 
2013. 34(05): p. 449-452. 

350. Livornese, L.L., Jr., et al., Hospital-acquired infection with vancomycin-resistant Enterococcus faecium 
transmitted by electronic thermometers. Ann Intern Med, 1992. 117(2): p. 112-6. 

351. Patterson, J.E., et al., Association of contaminated gloves with transmission of Acinetobacter calcoaceticus 
var. anitratus in an intensive care unit. Am J Med, 1991. 91(5): p. 479-83. 

352. Layton, M.C., et al., An outbreak of mupirocin-resistant Staphylococcus aureus on a dermatology ward 
associated with an environmental reservoir. Infect Control Hosp Epidemiol, 1993. 14(7): p. 369-75. 

353. Jones, J.S., D. Hoerle, and R. Riekse, Stethoscopes: a potential vector of infection? Ann Emerg Med, 
1995. 26(3): p. 296-9. 

354. Smith, M.A., et al., Contaminated stethoscopes revisited. Arch Intern Med, 1996. 156(1): p. 82-4. 
355. Marinella, M.A., C. Pierson, and C. Chenoweth, The stethoscope. A potential source of nosocomial 

infection? Arch Intern Med, 1997. 157(7): p. 786-90. 
356. Singh, G., et al., BACTERIAL CONTAMINATION OF STETHOSCOPES USED BY HEALTH CARE 

WORKERS IN A TERTIARY CARE HOSPITAL IN NAVI MUMBAI. 
357. O'Flaherty, N. and L. Fenelon, The stethoscope and healthcare-associated infection: a snake in the grass 

or innocent bystander? Journal of Hospital Infection, 2015. 91(1): p. 1-7. 
358. Uneke, C.J., et al., Bacteriological assessment of stethoscopes used by medical students in Nigeria: 

implications for nosocomial infection control. World Health Popul, 2008. 10(4): p. 53-61. 
359. Deribe, K., et al., The burden of neglected tropical diseases in Ethiopia, and opportunities for integrated 

control and elimination. Parasites & vectors, 2012. 5(1): p. 240. 
360. ICF., C.S.A.C.E.a., Ethiopia Demographic and Health Survey 2016: Key Indicators Report. Addis Ababa, 

Ethiopia, and Rockville, Maryland, USA. CSA and ICF., 2016. 
361. Pang, T. and G.E. Guindon, Globalization and risks to health. EMBO reports, 2004. 5(1S): p. S11-S16. 
362. Moges, F., et al., The growing challenges of antibacterial drug resistance in Ethiopia. Journal of Global 

Antimicrobial Resistance, 2014. 2(3): p. 148-154. 
363. Joshi, M. and M. Miralles, Antimicrobial Resistance Advocacy and Containment in Ethiopia: Report of 

Initial Activities in February–March 2006. 2006. 
364. Asrat, D., Shigella and Salmonella serogroups and their antibiotic susceptibility patterns in Ethiopia. 

2008. 
365. Huruy, K., et al., High level of antimicrobial resistance in Shigella species isolated from diarrhoeal 

patients in University of Gondar Teaching Hospital, Gondar, Ethiopia. Pharmacology Online, 2008. 2: p. 
328-340. 



97 

 

366. Zewdu, E. and P. Cornelius, Antimicrobial resistance pattern of Salmonella serotypes isolated from food 
items and personnel in Addis Ababa, Ethiopia. Tropical animal health and production, 2009. 41(2): p. 241. 

367. Ringertz, S., et al., Antibiotic susceptibility of Escherichia coli isolates from inpatients with urinary tract 
infections in hospitals in Addis Ababa and Stockholm. Bulletin of the World Health Organization, 1990. 
68(1): p. 61. 

368. Kibret, M. and B. Abera, Antimicrobial susceptibility patterns of E. coli from clinical sources in northeast 
Ethiopia. African health sciences, 2011. 11(3): p. 40-45. 

369. Beyene, G. and W. Tsegaye, Bacterial uropathogens in urinary tract infection and antibiotic susceptibility 
pattern in jimma university specialized hospital, southwest ethiopia. Ethiopian journal of health sciences, 
2011. 21(2): p. 141-146. 

370. Ewnetu, D. and A. Mihret, Prevalence and antimicrobial resistance of Campylobacter isolates from 
humans and chickens in Bahir Dar, Ethiopia. Foodborne pathogens and disease, 2010. 7(6): p. 667-670. 

371. Melaku, S., et al., Hospital acquired infections among surgical, gynaecology and obstetrics patients in 
Felege-Hiwot referral hospital, Bahir Dar, northwest Ethiopia. Ethiopian medical journal, 2012. 50(2): p. 
135-144. 

372. Vandepitte, J., et al., Basic laboratory procedures in clinical bacteriology. 2003: World Health 
Organization. 

373. Wieser, A., et al., MALDI-TOF MS in microbiological diagnostics—identification of microorganisms and 
beyond (mini review). Applied microbiology and biotechnology, 2012. 93(3): p. 965-974. 

374. Testing, E.C.o.A.S., EUCAST guidelines for detection of resistance mechanisms and specific resistances of 
clinical and/or epidemiological importance, in EUCAST, Basel, Switzerland: http://www. eucast. 
org/clinical_breakpoints2013. 

375. Woodford, N., et al., Multiplex PCR for genes encoding prevalent OXA carbapenemases in Acinetobacter 
spp. International journal of antimicrobial agents, 2006. 27(4): p. 351-353. 

376. Bartual, S.G., et al., Development of a multilocus sequence typing scheme for characterization of clinical 
isolates of Acinetobacter baumannii. Journal of clinical microbiology, 2005. 43(9): p. 4382-4390. 

377. Pritsch, M., et al., First report on bla NDM-1-producing Acinetobacter baumannii in three clinical isolates 
from Ethiopia. BMC Infectious Diseases, 2017. 17(1): p. 180. 

378. Magiorakos, A.P., et al., Multidrug‐resistant, extensively drug‐resistant and pandrug‐resistant bacteria: an 
international expert proposal for interim standard definitions for acquired resistance. Clinical 
microbiology and infection, 2012. 18(3): p. 268-281. 

379. Testing, E.C.o.A.S., Breakpoint tables for interpretation of MICs and zone diameters. Version 4.0, 2014. 
Växjö: EUCAST; 2014. 

380. Agwuh, K.N. and A. MacGowan, Pharmacokinetics and pharmacodynamics of the tetracyclines including 
glycylcyclines. Journal of Antimicrobial Chemotherapy, 2006. 58(2): p. 256-265. 

381. Revathi, G., et al., First report of NDM-1-producing Acinetobacter baumannii in East Africa. International 
Journal of Infectious Diseases, 2013. 17(12): p. e1255-e1258. 

382. Krahn, T., et al., Intraspecies transfer of the chromosomal acinetobacter baumannii blaNDM-1 
carbapenemase gene. Antimicrobial agents and chemotherapy, 2016. 60(5): p. 3032-3040. 

383. Poirel, L., et al., Tn125-related acquisition of blaNDM-like genes in Acinetobacter baumannii. 
Antimicrobial agents and chemotherapy, 2012. 56(2): p. 1087-1089. 

384. Wise, R., et al., Antimicrobial resistance is a major threat to public health. British Medical Journal, 1998. 
317(7159): p. 609-611. 

385. Zhang, R., et al., Antibiotic resistance as a global threat: evidence from China, Kuwait and the United 
States. Globalization and Health, 2006. 2(1): p. 6. 

386. Schito, G., E. Debbia, and A. Marchese, The evolving threat of antibiotic resistance in Europe: new data 
from the Alexander Project. Journal of Antimicrobial Chemotherapy, 2000. 46(suppl 3): p. 3-9. 

387. Piéboji, J.G., et al., Antimicrobial resistance of Gram-negative bacilli isolates from inpatients and 
outpatients at Yaounde Central Hospital, Cameroon. International journal of infectious diseases, 2004. 
8(3): p. 147-154. 

388. Gangoue-Pieboji, J., et al., Antimicrobial activity against gram negative bacilli from Yaounde Central 
Hospital, Cameroon. Afr Health Sci, 2006. 6(4): p. 232-5. 

389. Qadeer, A., et al., Antibiogram of Medical Intensive Care Unit at Tertiary Care Hospital Setting of 
Pakistan. Cureus, 2016. 8(9). 

390. Sankarankutty, J. and S. Kaup, Distribution and antibiogram of gram negative isolates from various 
clinical samples in a teaching hospital Tumkur. Scholar journal of applied medical sciences, 2014. 2(3A): 
p. 927-931. 



98 

 

391. Kader, A.A., A. Kumar, and S.M. Dass, Antimicrobial resistance patterns of gram-negative bacteria 
isolated from urine cultures at a general hospital. Saudi Journal of Kidney Diseases and Transplantation, 
2004. 15(2): p. 135. 

392. Mosavian, M. and D. Koraei, Molecular Detection of IMP Carbapenemase-Producing Gram-Negative 
Bacteria Isolated From Clinical Specimens in Ahvaz, Iran. Jentashapir Journal of Health Research, 
2016(InPress). 

393. Panta, K., et al., Antibiogram typing of gram negative isolates in different clinical samples of a tertiary 
hospital. Asian J of Pharmaeutical and Clinical Research, 2013. 6: p. 153-156. 

394. Mohammadi-Mehr, M. and M. Feizabadi, Antimicrobial resistance pattern of Gram-negative bacilli 
isolated from patients at ICUs of Army hospitals in Iran. Iranian journal of microbiology, 2011. 3(1): p. 
26-30. 

395. Zenebe, T., et al., Invasive bacterial pathogens and their antibiotic susceptibility patterns in Jimma 
University specialized hospital, Jimma, Southwest Ethiopia. Ethiopian journal of health sciences, 2011. 
21(1): p. 1-8. 

396. Biadglegne, F. and B. Abera, Antimicrobial resistance of bacterial isolates from urinary tract infections at 
Felge Hiwot Referral Hospital, Ethiopia. The Ethiopian Journal of Health Development (EJHD), 2016. 
23(3). 

397. Demilie, T., et al., Urinary bacterial profile and antibiotic susceptibility pattern among pregnant women in 
North West Ethiopia. Ethiopian journal of health sciences, 2012. 22(2). 

398. Rajan, M.R. and A.V.R. Rao, Antibiogram of Gram Negative Bacterial Isolates From Intensive Care Unit 
At A Tertiary Care Hospital. Indian Journal of Applied Research, 2016. 6(5). 

399. Azzab, M.M., et al., Multidrug-resistant bacteria among patients with ventilator-associated pneumonia in 
an emergency intensive care unit, Egypt/Bactéries multirésistantes parmi les patients atteints de 
pneumonie associée à la ventilation dans une unité de soins intensifs d'urgence, Égypte. Eastern 
Mediterranean Health Journal, 2016. 22(12): p. 894. 

400. Kucukates, E., Antimicrobial resistance among Gram-negative bacteria isolated from intensive care units 
in a Cardiology Institute in Istanbul, Turkey. Japanese journal of infectious diseases, 2005. 58(4): p. 228. 

401. Al Johani, S., et al., Prevalence of antimicrobial resistance among gram-negative isolates in an adult 
intensive care unit at a tertiary care center in Saudi Arabia. Annals of Saudi medicine, 2010. 30(5): p. 
364. 

402. Ahmad, S.S. and F.A. Ali, Detection of ESBL, AmpC and Metallo Beta-Lactamase mediated resistance in 
Gram-negative bacteria isolated from women with genital tract infection. European Scientific Journal, 
2014. 10(9). 

403. Asghar, A.H. and H.S. Faidah, Frequency and antimicrobial susceptibility of gram-negative bacteria 
isolated from 2 hospitals in Makkah, Saudi Arabia. Saudi medical journal, 2009. 30(8): p. 1017-1023. 

404. Maniyan, G., D. Vedachalam, and N. Chinnusamy, Characterization and antimicrobial susceptibility 
pattern of non-fermenting gram negative bacilli from various clinical samples in a tertiary care hospital. 
Surgery. 32: p. 29.09. 

405. Gokale, S.K. and S. Metgud, Characterization and antibiotic sensitivity pattern of nonfermenting gram 
negative bacilli from various clinical samples in a tertiary care hospital, Belgaum. Journal of 
Pharmaceutical and Biomedical Sciences©(JPBMS), 2012. 17(17). 

406. Kombade, S. and G.N. Agrawal, Study of multidrug resistant nonfermenting gram-negative bacilli in 
intensive care unit, Nagpur. Indian Journal of Microbiology Research, 2015. 2(2): p. 120-125. 

407. Sharma, D., et al., Non fermentative gram negative bacilli as nosocomial pathogens: Identification and 
antibiotic sensitivity in clinical samples of indoor patients. Nepal Journal of Medical Sciences, 2015. 3(2): 
p. 101-105. 

408. Oberoi, L., et al., ESBL, MBL and Ampc β lactamases producing superbugs-Havoc in the intensive care 
units of Punjab India. J Clin Diagn Res, 2013. 7(1): p. 70-3. 

409. Foad, M.F., Phenotypic Detection and Antimicrobial susceptibility Profile of ESBL, AmpC and 
Carbapenemase producing Gram-negative isolates from Outpatient clinic specimens. Int. J. Curr. 
Microbiol. App. Sci, 2016. 5(1): p. 740-752. 

410. Patel, B.V., et al., Bacteriological profile and antibiogram of gram negative organisms isolated from 
medical and neurology intensive care unit with special reference to multi-drug resistant organisms. 
National journal of medical research, 2012. 2(3): p. 335-338. 

411. Cantón, R., J.M. González-Alba, and J.C. Galán, CTX-M enzymes: origin and diffusion. Frontiers in 
microbiology, 2012. 3. 

412. D’Andrea, M.M., et al., CTX-M-type β-lactamases: a successful story of antibiotic resistance. International 
Journal of Medical Microbiology, 2013. 303(6): p. 305-317. 



99 

 

413. Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics, 2015. CDDEP: , 
2015: Washington, D.C. 

414. Shimels, T., A.I. Bilal, and A. Mulugeta, Evaluation of Ceftriaxone utilization in internal medicine wards 
of general hospitals in Addis Ababa, Ethiopia: a comparative retrospective study. Journal of 
pharmaceutical policy and practice, 2015. 8(1): p. 1. 

415. Ayinalem, G.A., et al., Drug use evaluation of ceftriaxone in medical ward of Dessie Referral Hospital, 
North East Ethiopia. 2013. 

416. Seki, L.M., et al., Molecular epidemiology of CTX-M producing Enterobacteriaceae isolated from 
bloodstream infections in Rio de Janeiro, Brazil: emergence of CTX-M-15. The Brazilian Journal of 
Infectious Diseases, 2013. 17(6): p. 640-646. 

417. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 1. 

418. Lartigue, M.-F., et al., Extended-spectrum β-lactamases of the CTX-M type now in Switzerland. 
Antimicrobial agents and chemotherapy, 2007. 51(8): p. 2855-2860. 

419. Moses, A., et al., Prevalence and Genotypic Characterization of Extended-Spectrum Beta-Lactamases 
Produced by Gram Negative Bacilli at a Tertiary Care Hospital in Rural South Western Uganda. British 
microbiology research journal, 2014. 4(12): p. 1541. 

420. Ahmed, M.A.S., et al., Antimicrobial susceptibility and molecular epidemiology of extended-spectrum 
beta-lactamase-producing Enterobacteriaceae from intensive care units at Hamad Medical Corporation, 
Qatar. Antimicrobial resistance and infection control, 2016. 5(1): p. 1. 

421. Fernandes, R., et al., Molecular characterization of ESBL-producing Enterobacteriaceae in Northern 
Portugal. The Scientific World Journal, 2014. 2014. 

422. Singh, A., et al., Occurrence and molecular epidemiology of bla CTX-M, including co-occurrence of bla 
TEM and bla SHV genes, and sul1 association in Indian Enterobacteriaceae. International journal of 
antimicrobial agents, 2012. 39(2): p. 184-185. 

423. Xia, S., et al., Dominance of CTX-M-type extended-spectrum β-lactamase (ESBL)-producing Escherichia 
coli isolated from patients with community-onset and hospital-onset infection in China. PLoS One, 2014. 
9(7): p. e100707. 

424. Al-Agamy, M.H., et al., Molecular characteristics of extended-spectrum β-lactamase-producing 
Escherichia coli in Riyadh: emergence of CTX-M-15-producing E. coli ST131. Annals of clinical 
microbiology and antimicrobials, 2014. 13(1): p. 1. 

425. Al Naiemi, N., et al., Widely distributed and predominant CTX-M extended-spectrum β-lactamases in 
Amsterdam, The Netherlands. Journal of clinical microbiology, 2006. 44(8): p. 3012-3014. 

426. Noyal, M., et al., Simple screening tests for detection of carbapenemases in clinical isolates of 
nonfermentative Gram-negative bacteria. The Indian journal of medical research, 2009. 129(6): p. 707-
712. 

427. Minarini, L.A., et al., Predominance of CTX-M–type extended-spectrum β-lactamase genes among 
enterobacterial isolates from outpatients in Brazil. Diagnostic microbiology and infectious disease, 2009. 
65(2): p. 202-206. 

428. Woodford, N., et al., Community and hospital spread of Escherichia coli producing CTX-M extended-
spectrum β-lactamases in the UK. Journal of antimicrobial chemotherapy, 2004. 54(4): p. 735-743. 

429. Khan, E., et al., Emergence of CTX-M Group 1-ESBL producing Klebsiella pneumonia from a tertiary 
care centre in Karachi, Pakistan. The Journal of Infection in Developing Countries, 2010. 4(08): p. 472-
476. 

430. Shi, H., et al., Epidemiology of CTX-M-type extended-spectrum beta-lactamase (ESBL)-producing 
nosocomial-Escherichia coli infection in China. Annals of clinical microbiology and antimicrobials, 2015. 
14(1): p. 1. 

431. Shahid, M., et al., bla CTX-M, bla TEM, and bla SHV in Enterobacteriaceae from North-Indian tertiary 
hospital: high occurrence of combination genes. Asian Pacific journal of tropical medicine, 2011. 4(2): p. 
101-105. 

432. Bindayna, K., et al., Predominance of CTX-M genotype among extended spectrum beta lactamase isolates 
in a tertiary hospital in Saudi Arabia. Saudi medical journal, 2010. 31(8): p. 859-863. 

433. Hackman, H.K., et al., Antibiotic Resistance Profile of CTX-M-type Extended-Spectrum Beta-Lactamases 
in Escherichia coli and Klebsiella pneumoniae in Accra, Ghana. Journal of Natural Sciences Research, 
2014. 4(12). 

434. Sana, T., et al., Detection of genes TEM, OXA, SHV and CTX-M in 73 clinical isolates of Escherichia coli 
producers of extended spectrum Betalactamases and determination of their susceptibility to antibiotics. 
The International Arabic Journal of Antimicrobial Agents, 2011. 1(1). 



100 

 

435. Upadhyay, S., et al., Genetic Environment of Plasmid Mediated CTX-M-15 Extended Spectrum Beta-
Lactamases from Clinical and Food Borne Bacteria in North-Eastern India. PloS one, 2015. 10(9): p. 
e0138056. 

436. Shin, J. and K.S. Ko, Comparative study of genotype and virulence in CTX-M-producing and non-
extended-spectrum-β-lactamase-producing Klebsiella pneumoniae isolates. Antimicrobial agents and 
chemotherapy, 2014. 58(4): p. 2463-2467. 

437. Ensor, V., et al., Occurrence, prevalence and genetic environment of CTX-M β-lactamases in 
Enterobacteriaceae from Indian hospitals. Journal of Antimicrobial Chemotherapy, 2006. 58(6): p. 1260-
1263. 

438. Khanna, N., et al., Molecular epidemiology and antimicrobial resistance pattern of extended-spectrum-β-
lactamase-producing Enterobacteriaceae in Glasgow, Scotland. Journal of antimicrobial chemotherapy, 
2011: p. dkr523. 

439. Naas, T., et al., Evaluation of a DNA microarray, the Check-Points ESBL/KPC array, for rapid detection 
of TEM, SHV, and CTX-M extended-spectrum β-lactamases and KPC carbapenemases. Antimicrobial 
agents and chemotherapy, 2010. 54(8): p. 3086-3092. 

440. Endimiani, A., et al., Evaluation of a commercial microarray system for detection of SHV-, TEM-, CTX-M-
, and KPC-type β-lactamase genes in Gram-negative isolates. Journal of clinical microbiology, 2010. 
48(7): p. 2618-2622. 

441. Hanson, N.D., AmpC β-lactamases: what do we need to know for the future? Journal of Antimicrobial 
Chemotherapy, 2003. 52(1): p. 2-4. 

442. Yamasaki, K., et al., Laboratory surveillance for prospective plasmid-mediated AmpC beta-lactamases in 
the Kinki region of Japan. J Clin Microbiol, 2010. 48(9): p. 3267-73. 

443. Li, Y., et al., Prevalence of plasmid-mediated AmpC β-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-type AmpC β-lactamase resistance in China. Journal of clinical 
microbiology, 2008. 46(4): p. 1317-1321. 

444. Li, Y., et al., Prevalence of plasmid-mediated AmpC beta-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-Type AmpC beta-lactamase resistance in China. J Clin Microbiol, 
2008. 46(4): p. 1317-21. 

445. Khari, F.I.M., et al., Genotypic and Phenotypic Detection of AmpC β-lactamases in Enterobacter spp. 
Isolated from a Teaching Hospital in Malaysia. PloS one, 2016. 11(3): p. e0150643. 

446. Pérez-Llarena, F.J., et al., Genetic and kinetic characterization of the novel AmpC β-lactamases DHA-6 
and DHA-7. Antimicrobial agents and chemotherapy, 2014. 58(11): p. 6544-6549. 

447. Kiratisin, P. and A. Henprasert, Resistance phenotype-genotype correlation and molecular epidemiology of 
Citrobacter, Enterobacter, Proteus, Providencia, Salmonella and Serratia that carry extended-spectrum β-
lactamases with or without plasmid-mediated AmpC β-lactamase genes in Thailand. Transactions of the 
Royal Society of Tropical Medicine and Hygiene, 2011. 105(1): p. 46-51. 

448. Kao, C.-C., et al., Antimicrobial susceptibility and multiplex PCR screening of AmpC genes from isolates 
of Enterobacter cloacae, Citrobacter freundii, and Serratia marcescens. Journal of Microbiology, 
Immunology and Infection, 2010. 43(3): p. 180-187. 

449. Peymani, A., et al., Emergence of CMY-2-and DHA-1-type AmpC β-lactamases in Enterobacter cloacae 
isolated from several hospitals of Qazvin and Tehran, Iran. Iranian Journal of Microbiology, 2016. 8(3): p. 
168. 

450. Yilmaz, N., et al., Detection of plasmid-mediated AmpC β-lactamase in Escherichia coli and Klebsiella 
pneumoniae. Indian journal of medical microbiology, 2013. 31(1): p. 53. 

451. Manoharan, A., et al., Phenotypic & molecular characterization of AmpC β-lactamases among Escherichia 
coli, Klebsiella spp. & Enterobacter spp. from five Indian Medical Centers. Indian Journal of Medical 
Research, 2012. 135(3): p. 359. 

452. El-Hady, S.A. and L.A. Adel, Occurrence and detection of AmpC β-lactamases among Enterobacteriaceae 
isolates from patients at Ain Shams University Hospital. Egyptian Journal of Medical Human Genetics, 
2015. 16(3): p. 239-244. 

453. Struelens, M., et al., New Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae: emergence and 
response in Europe. Eurosurveillance, 2010. 

454. Karthikeyan, K., M. Thirunarayan, and P. Krishnan, Coexistence of blaOXA-23 with blaNDM-1 and armA 
in clinical isolates of Acinetobacter baumannii from India. Journal of antimicrobial chemotherapy, 2010. 
65(10): p. 2253-2254. 

455. Johnson, A.P. and N. Woodford, Global spread of antibiotic resistance: the example of New Delhi 
metallo-β-lactamase (NDM)-mediated carbapenem resistance. Journal of medical microbiology, 2013. 
62(4): p. 499-513. 



101 

 

456. Control, C.f.D. and Prevention, Detection of Enterobacteriaceae isolates carrying metallo-beta-lactamase-
United States, 2010. MMWR. Morbidity and mortality weekly report, 2010. 59(24): p. 750. 

457. Poirel, L., et al., Emergence of metallo-β-lactamase NDM-1-producing multidrug-resistant Escherichia 
coli in Australia. Antimicrobial agents and chemotherapy, 2010. 54(11): p. 4914-4916. 

458. Mulvey, M.R., New Delhi Metallo-β-Lactamase in Klebsiella pneumoniae and Escherichia coli, Canada-
Volume 17, Number 1—January 2011-Emerging Infectious Disease journal-CDC. 2011. 

459. Poirel, L., et al., Global spread of New Delhi metallo-β-lactamase 1. The Lancet infectious diseases, 2010. 
10(12): p. 832. 

460. Zarfel, G., et al., Emergence of New Delhi metallo-β-lactamase, Austria. Emerg Infect Dis, 2011. 17(1). 
461. Kaase, M., et al., Multicentre investigation of carbapenemase-producing Escherichia coli and Klebsiella 

pneumoniae in German hospitals. Int J Med Microbiol, 2016. 306(6): p. 415-20. 
462. Pfeifer, Y., et al., NDM-1-producing Escherichia coli in Germany. Antimicrobial agents and 

chemotherapy, 2011. 55(3): p. 1318-1319. 
463. Pfeifer, Y., et al., Clonal Transmission of Gram-Negative Bacteria with Carbapenemases NDM-1, VIM-1, 

and OXA-23/72 in a Bulgarian Hospital. Microb Drug Resist, 2016. 
464. Lowman, W., et al., NDM-1 has arrived: first report of a carbapenem resistance mechanism in South 

Africa. SAMJ: South African Medical Journal, 2011. 101(12): p. 873-875. 
465. Zafer, M.M., et al., First report of NDM-1-producing Pseudomonas aeruginosa in Egypt. International 

Journal of Infectious Diseases, 2014. 29: p. 80-81. 
466. Abdelaziz, M.O., et al., NDM-1-and OXA-163-producing Klebsiella pneumoniae isolates in Cairo, Egypt, 

2012. Journal of Global Antimicrobial Resistance, 2013. 1(4): p. 213-215. 
467. Poirel, L., et al. Emergence of metallo-βlactamase NDM-1 producing Klebsiella pneumoniae in Kenya. in 

50th Interscience Conference on Antimicrobial Agents and Chemotherapy; Boston. 2010. 
468. Poirel, L., et al., Detection of NDM-1-producing Klebsiella pneumoniae in Kenya. Antimicrobial agents 

and chemotherapy, 2011. 55(2): p. 934-936. 
469. Warnes, S.L., C.J. Highmore, and C.W. Keevil, Horizontal transfer of antibiotic resistance genes on 

abiotic touch surfaces: implications for public health. MBio, 2012. 3(6): p. e00489-12. 
470. Hawkey, P.M. and A.M. Jones, The changing epidemiology of resistance. Journal of Antimicrobial 

Chemotherapy, 2009. 64(suppl 1): p. i3-i10. 
471. Akers, K.S., et al., Aminoglycoside resistance and susceptibility testing errors in Acinetobacter 

baumannii-calcoaceticus complex. Journal of clinical microbiology, 2010. 48(4): p. 1132-1138. 
472. Holt, K.E., et al., Genome sequence of Acinetobacter baumannii strain A1, an early example of antibiotic-

resistant global clone 1. Genome announcements, 2015. 3(2): p. e00032-15. 
473. Wang, X., et al., Complete genome sequence of Acinetobacter baumannii ZW85-1. Genome 

announcements, 2014. 2(1): p. e01083-13. 
474. Farrugia, D.N., et al., The complete genome and phenome of a community-acquired Acinetobacter 

baumannii. PLoS One, 2013. 8(3): p. e58628. 
475. Huang, H., et al., Complete genome sequence of Acinetobacter baumannii MDR-TJ and insights into its 

mechanism of antibiotic resistance. Journal of antimicrobial chemotherapy, 2012. 67(12): p. 2825-2832. 
476. Zhu, L., et al., Complete genome analysis of three Acinetobacter baumannii clinical isolates in China for 

insight into the diversification of drug resistance elements. PLoS One, 2013. 8(6): p. e66584. 
477. Penwell, W.F., B.A. Arivett, and L.A. Actis, The Acinetobacter baumannii entA gene located outside the 

acinetobactin cluster is critical for siderophore production, iron acquisition and virulence. PloS one, 
2012. 7(5): p. e36493. 

478. Iacono, M., et al., Whole-genome pyrosequencing of an epidemic multidrug-resistant Acinetobacter 
baumannii strain belonging to the European clone II group. Antimicrobial agents and chemotherapy, 
2008. 52(7): p. 2616-2625. 

479. Balaji, V., et al., Genome sequences of two multidrug-resistant Acinetobacter baumannii clinical strains 
isolated from southern India. Genome announcements, 2015. 3(5): p. e01010-15. 

 
 
 
 
 
 
 



102 

 

8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 

 



49 

 

 

 

Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 

 



49 

 

 

 

Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 

 

 

 

 



69 

 

 
Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 



34 

 

found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 
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the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 



27 

 

The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   



59 

 

 

Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 

 

 
 
 
 



103 

 

8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 

8.4 Acknowledgements 

First and foremost, I would like to thank my direct LMU – Supervisor, PD Dr. Andreas Wieser, 

for the patient guidance, encouragement and advice he has provided throughout my time as his 

student. I have been extremely lucky to have him as my supervisor who cared so much about my 

work, and who responded to my questions and queries so promptly. I would also like to thank 

my habilitated supervisor, Prof. Dr. Soeren Schubert, for his encouragement and enormous 

contributions to my PhD program allowing me to grow as a research scientist. I would like to 

express my special appreciation and thanks to my LMU – Supervisor, Dr. Michael Pritsch, for 

his tremendous support and insightful advice during my study. My sincere gratitude is reserved 

for Prof. Dr. Tefera belachew, my local supervisors, for his invaluable insights and suggestions. 

I really appreciate his willingness to meet me at short notice every time I need his advice and 

suggestions 

I wish to express my sincere appreciation and thanks to the CIH-LMU Center for International 

Health, Ludwig-Maximilians-Universität, Munich, Germany, and its funding agencies, the 

German Academic Exchange Service (DAAD), the DAAD-Exceed Program, and the German 

Ministry for Economic Cooperation and Development for their support during my PhD studies. 

Finally, I would like to thank Else Kröner Fresenius Stiftung (EKFS), for providing additional 

financial support which allowed me to undertake this research and get technical training related 

to my PhD study 



104 

 

I am also grateful to the patients, health workers and Jimma University for laboratory facility 

and support. Completing this work would have been all the more difficult were it not for the 

support and friendship provided by the staff members of the department of Bacteriology, Max 

von Pettenkofer-Institute (LMU). I am in debted particularly to Gabriele Liegl for her excellent 

technichal assistance and also to Dr. A-C Neumann for excellent support in figure generation.  

Last but not the least, I must express my gratitude to my family especially my wife, Siyam, for 

her continued support and encouragement and also to my children, Rayyan, Ayyub, Sidra and 

Simra who have been a constant source of strength and inspiration for me. 

 



105 

 

8.5 Affidavit 

 

Ahmed Zeynudin Kasim  

Name  

Jimma  

Street 

1204, Jimma  

Zip code, town 

Ethiopia 

Country 

 

 

 

I hereby declare, that the submitted thesis entitled 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
  

is the result of my own work. I have only used the sources indicated and have not made 

unauthorised use of services of a third party. Where the work of others has been quoted or 

reproduced, the source is always given.  

 

The submitted thesis or parts thereof have not been presented as part of an examination degree to 

any other university.  

 

I further declare, that the electronic version of the submitted thesis is congruent with the printed 

version both in content and format. 

 

 

Jimma, Ethiopia. 30,April, 2017    

Place, Date  Signature of PhD Candidate 

 



106 

 

 
Confirmation of congruency between printed and electronic version of             the 

doctoral thesis 
 

 
 

Kasim, Ahmed Zeynudin 

Surname, first name 

Jimma 

Street 

1204 

Zip code, town 

Ethiopia 

Country 

 
 
 

I hereby declare that the electronic version of the submitted thesis, entitled 
 
 
Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from clinical 
and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 
 
 
 
is congruent with the printed version both in content and format.  
 
 
 
 
 
 
 
 
 
 
 
 
30, April, 2017 
   

Place, date  Signature doctoral candidate 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

Out of the  

Departement of Bacteriology, Max Von Pettenkofer Institute (LMU), 81337, Munich, Germany 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 

 

Doctoral Thesis 

for the awarding of a Doctor of Philosophy (Ph.D.) 

at the Medical Faculty of 

Ludwig-Maximilians-Universität, Munich 

 

submitted by 

Ahmed Zeynudin Kasim  

born in 

Goma, Ethiopia  

submitted on 

 30 April, 2017  



Supervisors LMU: Title, first name, last name  

Habilitated Supervisor Prof. Dr. Sören Schubert 

Direct Supervisor PD Dr. Andreas Wieser   

3rd LMU Supervisor       Dr. Michael Pritsch 

 

Supervisor External:   

Local Supervisor  Prof. Dr. Tafera Belachew 

 

 

Reviewing Experts: 

1st Reviewer   PROF. DR. SÖREN SCHUBERT 

2nd Reviewer PD DR. ANDREAS WISER  

 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

 

Date of Oral Defense: 29 NOVEMBER 2017 



1 

 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 



35 

 

[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 



53 

 

different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 



9 

 

Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   



59 

 

 

Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 

 

 
 
 
 



103 

 

8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 

8.4 Acknowledgements 

First and foremost, I would like to thank my direct LMU – Supervisor, PD Dr. Andreas Wieser, 

for the patient guidance, encouragement and advice he has provided throughout my time as his 

student. I have been extremely lucky to have him as my supervisor who cared so much about my 

work, and who responded to my questions and queries so promptly. I would also like to thank 

my habilitated supervisor, Prof. Dr. Soeren Schubert, for his encouragement and enormous 

contributions to my PhD program allowing me to grow as a research scientist. I would like to 

express my special appreciation and thanks to my LMU – Supervisor, Dr. Michael Pritsch, for 

his tremendous support and insightful advice during my study. My sincere gratitude is reserved 

for Prof. Dr. Tefera belachew, my local supervisors, for his invaluable insights and suggestions. 

I really appreciate his willingness to meet me at short notice every time I need his advice and 

suggestions 

I wish to express my sincere appreciation and thanks to the CIH-LMU Center for International 

Health, Ludwig-Maximilians-Universität, Munich, Germany, and its funding agencies, the 

German Academic Exchange Service (DAAD), the DAAD-Exceed Program, and the German 

Ministry for Economic Cooperation and Development for their support during my PhD studies. 

Finally, I would like to thank Else Kröner Fresenius Stiftung (EKFS), for providing additional 

financial support which allowed me to undertake this research and get technical training related 

to my PhD study 



104 

 

I am also grateful to the patients, health workers and Jimma University for laboratory facility 

and support. Completing this work would have been all the more difficult were it not for the 

support and friendship provided by the staff members of the department of Bacteriology, Max 

von Pettenkofer-Institute (LMU). I am in debted particularly to Gabriele Liegl for her excellent 

technichal assistance and also to Dr. A-C Neumann for excellent support in figure generation.  

Last but not the least, I must express my gratitude to my family especially my wife, Siyam, for 

her continued support and encouragement and also to my children, Rayyan, Ayyub, Sidra and 

Simra who have been a constant source of strength and inspiration for me. 

 



105 

 

8.5 Affidavit 

 

Ahmed Zeynudin Kasim  

Name  

Jimma  

Street 

1204, Jimma  

Zip code, town 

Ethiopia 

Country 

 

 

 

I hereby declare, that the submitted thesis entitled 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
  

is the result of my own work. I have only used the sources indicated and have not made 

unauthorised use of services of a third party. Where the work of others has been quoted or 

reproduced, the source is always given.  

 

The submitted thesis or parts thereof have not been presented as part of an examination degree to 

any other university.  

 

I further declare, that the electronic version of the submitted thesis is congruent with the printed 

version both in content and format. 

 

 

Jimma, Ethiopia. 30,April, 2017    

Place, Date  Signature of PhD Candidate 

 



106 

 

 
Confirmation of congruency between printed and electronic version of             the 

doctoral thesis 
 

 
 

Kasim, Ahmed Zeynudin 

Surname, first name 

Jimma 

Street 

1204 

Zip code, town 

Ethiopia 

Country 

 
 
 

I hereby declare that the electronic version of the submitted thesis, entitled 
 
 
Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from clinical 
and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 
 
 
 
is congruent with the printed version both in content and format.  
 
 
 
 
 
 
 
 
 
 
 
 
30, April, 2017 
   

Place, date  Signature doctoral candidate 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

Out of the  

Departement of Bacteriology, Max Von Pettenkofer Institute (LMU), 81337, Munich, Germany 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 

 

Doctoral Thesis 

for the awarding of a Doctor of Philosophy (Ph.D.) 

at the Medical Faculty of 

Ludwig-Maximilians-Universität, Munich 

 

submitted by 

Ahmed Zeynudin Kasim  

born in 

Goma, Ethiopia  

submitted on 

 30 April, 2017  



Supervisors LMU: Title, first name, last name  

Habilitated Supervisor Prof. Dr. Sören Schubert 

Direct Supervisor PD Dr. Andreas Wieser   

3rd LMU Supervisor       Dr. Michael Pritsch 

 

Supervisor External:   

Local Supervisor  Prof. Dr. Tafera Belachew 

 

 

Reviewing Experts: 

1st Reviewer   PROF. DR. SÖREN SCHUBERT 

2nd Reviewer PD DR. ANDREAS WISER  

 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

 

Date of Oral Defense: 29 NOVEMBER 2017 



1 

 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 

 

 

 

 

 

 

 

 



2 

 

Table of contents 

 
Abstract ...................................................................................................................................... 1 

Table of contents ........................................................................................................................ 2 

List of figures ............................................................................................................................. 4 

List of tables ............................................................................................................................... 5 

1 Introduction ........................................................................................................................... 7 

1.1 Importance of gram-negative bacteria .............................................................................. 7 

1.2 Relevance of antibiotics tested ........................................................................................ 13 

1.3 Mechanisms of antibiotic action ..................................................................................... 13 

1.4 Antibiotic resistance........................................................................................................ 18 

1.5 Causes of antibiotic resistance ........................................................................................ 20 

1.6 Mechanisms of antibiotic resistance ............................................................................... 20 

1.7 Mechanisms of resistance in gram-negative bacteria ..................................................... 21 

1.8 Resistance of concern ..................................................................................................... 23 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases ................................................. 31 

2 Rationale and objectives of the study .................................................................................. 39 

3 Research design, methods and procedures .......................................................................... 42 

3.1 Study setting and clinical specimens .............................................................................. 42 

3.2 Inclusion and exclusion criteria ...................................................................................... 42 

3.3 Bacteria isolation, identification and susceptibility testing ............................................ 42 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases ....................... 43 

3.5 Detection and molecular characterization of β-lactamase genes .................................... 44 

3.6 Quality Control ............................................................................................................... 45 

3.7 Statistical analysis ........................................................................................................... 45 

3.8 Ethical consideration ....................................................................................................... 45 

4 Result ................................................................................................................................... 46 

4.1 Socio-demographic characteristics ................................................................................. 46 

4.2 Type and distributions of the clinical samples ................................................................ 46 

4.3 Distribution of the total clinical GNB species ................................................................ 48 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates .............. 50 

4.5 Detection and molecular characterization of ESBLs ...................................................... 51 

4.6 Detection and molecular characterization of AmpC ß-lactamases ................................. 62 

4.7 Phenotypic detection and molecular characterization of carbapenemases ..................... 63 

1.9.1 Global ......................................................................................................................... 31 

1.9.2 In Africa ..................................................................................................................... 34 

1.9.3 In Ethiopia .................................................................................................................. 35 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment ............................ 37 

4.5.1 Screening of ESBLs producing GNB ......................................................................... 51 

4.5.2 Frequency of ESBLs phenotype ................................................................................. 52 

4.5.3 Frequency and distribution of ESBLs encoding genes .............................................. 52 

4.5.4 Frequency and distribution of blaCTX-M genes ........................................................ 53 

4.5.5 Combinations of CTX-M with other ß-lactamase genes ............................................ 55 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates ........................... 57 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics ............................. 60 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates ....... 60 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes .......................... 62 

4.6.2 Frequency and distribution of AmpCs encoding genes.............................................. 62 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates .................. 63 



3 

 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes .......................... 68 

5 Discussion ........................................................................................................................... 71 

5.1 General ............................................................................................................................ 71 

5.2 Frequency and molecular characterization of ESBLs ..................................................... 73 

5.3 Frequency and molecular characterization of AmpC ß-lactamases ................................ 78 

5.4 Frequency and molecular characterization of Carbapenameses ..................................... 80 

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates ....... 81 

6 Conclusion ........................................................................................................................... 82 

7 References: .......................................................................................................................... 84 

8 Annex ................................................................................................................................ 102 

8.1 Additional file 1: Table S1. Primers used for in silico MLST. ..................................... 102 

8.2 Additional file 2: Table S2. Strain information and accession numbers. ..................... 102 

8.3 Statement on pre-release and contribution .................................................................... 103 

8.4 Acknowledgements ....................................................................................................... 103 

8.5 Affidavit ........................................................................................................................ 105 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains ............................ 64 

4.7.2 Genetic traits and Acinetobacter baumannii phylogeny ............................................. 67 



4 

 

List of figures 

Figure 1.1: Mechanisms of resistance in gram-negative bacilli, and the antibiotics affected 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae 

Figure 4.1: Distribution of the age groups of the patients 

Figure 4.2: Distributions of the isolates in the different inpatient hospital units 

Figure 4.3: Distributions of the clinical samples by type of patient 

Figure 4.4: Percentage of the clinical gram-negative bacilli isolates (n=224) 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

Figure 4.6: Relative frequency of ESBLs genotype among total isolates positive for ESBLs 
encoding genes (n=71) 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs genes positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) and P. aeruginosa 
(n=3) 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive gram-
negative bacilli (n=68) 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 

Figure 4.10: Relative frequency of bla genes combinations among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 

Figure 4.11: Absolute frequency and distribution of bla genes combinations among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) 
and P. aeruginosa (n=3) 

Figure 4.12: Bar chart showing the susceptibility pattern of CTX-M-positive 
Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 

Figure 4.13: Bar chart showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against 
the 17 different antibiotics tested 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested. 

Figure 4.16:  Distribution of AmpCs genotypes among GNB isolates 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme.  

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from Ethiopia. 

Figure 4.19: Distributions of gram-negative bacilli isolates species isolated from stethoscope 



5 

 

List of tables  

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department 

Table 4.2: Distribution and frequency of gram-negative bacilli according to the patient type 

Table 4.3: Distribution of gram-negative bacilli species according to Hospital ward  

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 

Table 4.6: Frequency and distribution of CTX-M Geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpC genes positive gram-
negative bacilli isolates 

Table 4.10: Basic demographics and medical data of patients A-C 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 

Table 4.12: Bacterial profiles isolated from stethoscopes and prevalence of ESBLs and AmpCs 
in JUSH 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 
from stethoscopes in JUSH 



6 

 

Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  



7 

 

1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 

 

 
 
 
 



103 

 

8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 

8.4 Acknowledgements 

First and foremost, I would like to thank my direct LMU – Supervisor, PD Dr. Andreas Wieser, 

for the patient guidance, encouragement and advice he has provided throughout my time as his 

student. I have been extremely lucky to have him as my supervisor who cared so much about my 

work, and who responded to my questions and queries so promptly. I would also like to thank 

my habilitated supervisor, Prof. Dr. Soeren Schubert, for his encouragement and enormous 

contributions to my PhD program allowing me to grow as a research scientist. I would like to 

express my special appreciation and thanks to my LMU – Supervisor, Dr. Michael Pritsch, for 

his tremendous support and insightful advice during my study. My sincere gratitude is reserved 

for Prof. Dr. Tefera belachew, my local supervisors, for his invaluable insights and suggestions. 

I really appreciate his willingness to meet me at short notice every time I need his advice and 

suggestions 

I wish to express my sincere appreciation and thanks to the CIH-LMU Center for International 

Health, Ludwig-Maximilians-Universität, Munich, Germany, and its funding agencies, the 

German Academic Exchange Service (DAAD), the DAAD-Exceed Program, and the German 

Ministry for Economic Cooperation and Development for their support during my PhD studies. 

Finally, I would like to thank Else Kröner Fresenius Stiftung (EKFS), for providing additional 

financial support which allowed me to undertake this research and get technical training related 

to my PhD study 



104 

 

I am also grateful to the patients, health workers and Jimma University for laboratory facility 

and support. Completing this work would have been all the more difficult were it not for the 

support and friendship provided by the staff members of the department of Bacteriology, Max 

von Pettenkofer-Institute (LMU). I am in debted particularly to Gabriele Liegl for her excellent 

technichal assistance and also to Dr. A-C Neumann for excellent support in figure generation.  

Last but not the least, I must express my gratitude to my family especially my wife, Siyam, for 

her continued support and encouragement and also to my children, Rayyan, Ayyub, Sidra and 

Simra who have been a constant source of strength and inspiration for me. 

 



105 

 

8.5 Affidavit 

 

Ahmed Zeynudin Kasim  

Name  

Jimma  

Street 

1204, Jimma  

Zip code, town 

Ethiopia 

Country 

 

 

 

I hereby declare, that the submitted thesis entitled 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
  

is the result of my own work. I have only used the sources indicated and have not made 

unauthorised use of services of a third party. Where the work of others has been quoted or 

reproduced, the source is always given.  

 

The submitted thesis or parts thereof have not been presented as part of an examination degree to 

any other university.  

 

I further declare, that the electronic version of the submitted thesis is congruent with the printed 

version both in content and format. 

 

 

Jimma, Ethiopia. 30,April, 2017    

Place, Date  Signature of PhD Candidate 

 



106 

 

 
Confirmation of congruency between printed and electronic version of             the 

doctoral thesis 
 

 
 

Kasim, Ahmed Zeynudin 

Surname, first name 

Jimma 

Street 

1204 

Zip code, town 

Ethiopia 

Country 

 
 
 

I hereby declare that the electronic version of the submitted thesis, entitled 
 
 
Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from clinical 
and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 
 
 
 
is congruent with the printed version both in content and format.  
 
 
 
 
 
 
 
 
 
 
 
 
30, April, 2017 
   

Place, date  Signature doctoral candidate 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

Out of the  

Departement of Bacteriology, Max Von Pettenkofer Institute (LMU), 81337, Munich, Germany 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 

 

Doctoral Thesis 

for the awarding of a Doctor of Philosophy (Ph.D.) 

at the Medical Faculty of 

Ludwig-Maximilians-Universität, Munich 

 

submitted by 

Ahmed Zeynudin Kasim  

born in 

Goma, Ethiopia  

submitted on 

 30 April, 2017  



Supervisors LMU: Title, first name, last name  

Habilitated Supervisor Prof. Dr. Sören Schubert 

Direct Supervisor PD Dr. Andreas Wieser   

3rd LMU Supervisor       Dr. Michael Pritsch 

 

Supervisor External:   

Local Supervisor  Prof. Dr. Tafera Belachew 

 

 

Reviewing Experts: 

1st Reviewer   PROF. DR. SÖREN SCHUBERT 

2nd Reviewer PD DR. ANDREAS WISER  

 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

 

Date of Oral Defense: 29 NOVEMBER 2017 



1 

 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 



12 

 

and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 



34 

 

found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  



61 

 

 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 



34 

 

found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 



76 

 

Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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NDM   New Delhi metallo-beta-lactamases 
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JUSH  Jimma University Specialized Hospital 
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ST  sequence types 
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ICU  intensive care unit 
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UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 

 



49 

 

 

 

Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   



59 

 

 

Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 



77 

 

resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
 



67 

 

To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  



61 

 

 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 



27 

 

The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   



44 

 

3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 



53 

 

different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 



22 

 

 

Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 



28 

 

enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 



37 

 

producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 

 

 

 

 

 

 

 

 



2 

 

Table of contents 

 
Abstract ...................................................................................................................................... 1 

Table of contents ........................................................................................................................ 2 

List of figures ............................................................................................................................. 4 

List of tables ............................................................................................................................... 5 

1 Introduction ........................................................................................................................... 7 

1.1 Importance of gram-negative bacteria .............................................................................. 7 

1.2 Relevance of antibiotics tested ........................................................................................ 13 

1.3 Mechanisms of antibiotic action ..................................................................................... 13 

1.4 Antibiotic resistance........................................................................................................ 18 

1.5 Causes of antibiotic resistance ........................................................................................ 20 

1.6 Mechanisms of antibiotic resistance ............................................................................... 20 

1.7 Mechanisms of resistance in gram-negative bacteria ..................................................... 21 

1.8 Resistance of concern ..................................................................................................... 23 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases ................................................. 31 

2 Rationale and objectives of the study .................................................................................. 39 

3 Research design, methods and procedures .......................................................................... 42 

3.1 Study setting and clinical specimens .............................................................................. 42 

3.2 Inclusion and exclusion criteria ...................................................................................... 42 

3.3 Bacteria isolation, identification and susceptibility testing ............................................ 42 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases ....................... 43 

3.5 Detection and molecular characterization of β-lactamase genes .................................... 44 

3.6 Quality Control ............................................................................................................... 45 

3.7 Statistical analysis ........................................................................................................... 45 

3.8 Ethical consideration ....................................................................................................... 45 

4 Result ................................................................................................................................... 46 

4.1 Socio-demographic characteristics ................................................................................. 46 

4.2 Type and distributions of the clinical samples ................................................................ 46 

4.3 Distribution of the total clinical GNB species ................................................................ 48 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates .............. 50 

4.5 Detection and molecular characterization of ESBLs ...................................................... 51 

4.6 Detection and molecular characterization of AmpC ß-lactamases ................................. 62 

4.7 Phenotypic detection and molecular characterization of carbapenemases ..................... 63 

1.9.1 Global ......................................................................................................................... 31 

1.9.2 In Africa ..................................................................................................................... 34 

1.9.3 In Ethiopia .................................................................................................................. 35 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment ............................ 37 

4.5.1 Screening of ESBLs producing GNB ......................................................................... 51 

4.5.2 Frequency of ESBLs phenotype ................................................................................. 52 

4.5.3 Frequency and distribution of ESBLs encoding genes .............................................. 52 

4.5.4 Frequency and distribution of blaCTX-M genes ........................................................ 53 

4.5.5 Combinations of CTX-M with other ß-lactamase genes ............................................ 55 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates ........................... 57 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics ............................. 60 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates ....... 60 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes .......................... 62 

4.6.2 Frequency and distribution of AmpCs encoding genes.............................................. 62 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates .................. 63 



3 

 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes .......................... 68 

5 Discussion ........................................................................................................................... 71 

5.1 General ............................................................................................................................ 71 

5.2 Frequency and molecular characterization of ESBLs ..................................................... 73 

5.3 Frequency and molecular characterization of AmpC ß-lactamases ................................ 78 

5.4 Frequency and molecular characterization of Carbapenameses ..................................... 80 

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates ....... 81 

6 Conclusion ........................................................................................................................... 82 

7 References: .......................................................................................................................... 84 

8 Annex ................................................................................................................................ 102 

8.1 Additional file 1: Table S1. Primers used for in silico MLST. ..................................... 102 

8.2 Additional file 2: Table S2. Strain information and accession numbers. ..................... 102 

8.3 Statement on pre-release and contribution .................................................................... 103 

8.4 Acknowledgements ....................................................................................................... 103 

8.5 Affidavit ........................................................................................................................ 105 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains ............................ 64 

4.7.2 Genetic traits and Acinetobacter baumannii phylogeny ............................................. 67 



4 

 

List of figures 

Figure 1.1: Mechanisms of resistance in gram-negative bacilli, and the antibiotics affected 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae 

Figure 4.1: Distribution of the age groups of the patients 

Figure 4.2: Distributions of the isolates in the different inpatient hospital units 

Figure 4.3: Distributions of the clinical samples by type of patient 

Figure 4.4: Percentage of the clinical gram-negative bacilli isolates (n=224) 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

Figure 4.6: Relative frequency of ESBLs genotype among total isolates positive for ESBLs 
encoding genes (n=71) 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs genes positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) and P. aeruginosa 
(n=3) 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive gram-
negative bacilli (n=68) 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 

Figure 4.10: Relative frequency of bla genes combinations among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 

Figure 4.11: Absolute frequency and distribution of bla genes combinations among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) 
and P. aeruginosa (n=3) 

Figure 4.12: Bar chart showing the susceptibility pattern of CTX-M-positive 
Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 

Figure 4.13: Bar chart showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against 
the 17 different antibiotics tested 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested. 

Figure 4.16:  Distribution of AmpCs genotypes among GNB isolates 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme.  

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from Ethiopia. 

Figure 4.19: Distributions of gram-negative bacilli isolates species isolated from stethoscope 



5 

 

List of tables  

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department 

Table 4.2: Distribution and frequency of gram-negative bacilli according to the patient type 

Table 4.3: Distribution of gram-negative bacilli species according to Hospital ward  

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 

Table 4.6: Frequency and distribution of CTX-M Geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpC genes positive gram-
negative bacilli isolates 

Table 4.10: Basic demographics and medical data of patients A-C 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 

Table 4.12: Bacterial profiles isolated from stethoscopes and prevalence of ESBLs and AmpCs 
in JUSH 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 
from stethoscopes in JUSH 



6 

 

Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  



7 

 

1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 

   



63 

 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  



61 

 

 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 

 

 

 



65 

 

A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  



75 

 

The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 



80 

 

 

The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 

 

 

 

 



69 

 

 
Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 



8 

 

bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 

 



82 

 

Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 



84 

 

7 References: 

1. Adya, K.A. and A. CInamadar, Gram Negative Bacterial Infections. Comprehensive Approach to 
Infections in Dermatology, 2016: p. 52. 

2. Neu, H.C., Infections due to gram-negative bacteria: an overview. Review of Infectious Diseases, 1985. 
7(Supplement 4): p. S778-S782. 

3. Hidron, A.I., et al., Antimicrobial-resistant pathogens associated with healthcare-associated infections: 
annual summary of data reported to the National Healthcare Safety Network at the Centers for Disease 
Control and Prevention, 2006–2007. Infection Control & Hospital Epidemiology, 2008. 29(11): p. 996-
1011. 

4. Weinstein, R.A., et al., Overview of nosocomial infections caused by gram-negative bacilli. Clinical 
Infectious Diseases, 2005. 41(6): p. 848-854. 

5. Chelazzi, C., et al., Epidemiology, associated factors and outcomes of ICU-acquired infections caused by 
Gram-negative bacteria in critically ill patients: an observational, retrospective study. BMC 
anesthesiology, 2015. 15(1): p. 125. 

6. Peleg, A.Y. and D.C. Hooper, Hospital-acquired infections due to gram-negative bacteria. New England 
Journal of Medicine, 2010. 362(19): p. 1804-1813. 

7. Gootz, T.D., The forgotten Gram-negative bacilli: what genetic determinants are telling us about the 
spread of antibiotic resistance. Biochem Pharmacol, 2006. 71(7): p. 1073-84. 

8. Miller, S.I., Antibiotic Resistance and Regulation of the Gram-Negative Bacterial Outer Membrane 
Barrier by Host Innate Immune Molecules. mBio, 2016. 7(5): p. e01541-16. 

9. CDC. Healthcare-associated Infections (HAI), Diseases and Organisms, Gram-negative Bacteria 
Infections in Healthcare Settings.  [cited 2017 23 jan]; Available from: 
https://www.cdc.gov/hai/organisms/gram-negative-bacteria.html. 

10. Hart, C. and S. Kariuki, Antimicrobial resistance in developing countries. BMJ: British Medical Journal, 
1998. 317(7159): p. 647. 

11. Engelkirk, P.G. and J.L. Duben-Engelkirk, Laboratory diagnosis of infectious diseases: essentials of 
diagnostic microbiology. 2008: Lippincott Williams & Wilkins. 

12. NIH. NIAID's Role in Research > Antimicrobial (Drug) Resistance > Examples.  [cited 2017 jan 19]; 
Available from: https://www.niaid.nih.gov/research/gram-negative-bacteria. 

13. Kim, J.Y., et al., Harrison’s principles of internal medicine. Women's Health, 2008. 39(5): p. 24-39. 
14. Kasper, D., et al., Harrison's principles of internal medicine, 19e. 2015: Mcgraw-hill. 
15. Quinn, J.P., Clinical problems posed by multiresistant nonfermenting gram-negative pathogens. Clinical 

infectious diseases, 1998. 27(Supplement 1): p. S117-S124. 
16. Farmer, J., M. Farmer, and B. Holmes, The Enterobacteriaceae: General Characteristics. Topley and 

Wilson's Microbiology and Microbial Infections. 
17. Sosa, A.d.J., et al., Antimicrobial resistance in developing countries. Springer. 
18. Ibrahim, I.A.J. and T.A.K. Hameed, Isolation, Characterization and Antimicrobial Resistance Patterns of 

Lactose-Fermenter Enterobacteriaceae Isolates from Clinical and Environmental Samples. Open Journal 
of Medical Microbiology, 2015. 5(04): p. 169. 

19. WHO, World Health Organization. Antimicrobial resistance: Global report on surveillance 2014, 2014: 
20 Avenue Appia, 1211 Geneva 27, Switzerland. 

20. CDC, Antibiotic resistance threats in the United States, , 2013: Atlanta. 
21. Harris, P., D. Paterson, and B. Rogers, Facing the challenge of multidrug-resistant gram-negative bacilli 

in Australia. Med J Aust, 2015. 202(5): p. 243-7. 
22. Levine, M.M., Escherichia coli infections. Bacterial vaccines, 1984: p. 187-235. 
23. Manning, S.D. and H. Babcock, Escherichia coli infections. 2010: Infobase Publishing. 
24. Madappa, T. and C. Go, Escherichia coli infections. Drugs & Diseases, 2014. 
25. Nataro, J.P. and J.B. Kaper, Diarrheagenic Escherichia coli. Clin Microbiol Rev, 1998. 11(1): p. 142-201. 
26. Locke, T., et al., Microbiology and Infectious Diseases on the Move, 2012 Locke, Keat, Walker and 

Mackinnon: UK 338 Euston Road, London NW1 3BH. 
27. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, Medical microbiology. 2009, Philadelphia: 

Mosby/Elsevier. 
28. Foxman, B., et al., Urinary tract infection: self-reported incidence and associated costs. Annals of 

epidemiology, 2000. 10(8): p. 509-515. 
29. Sherris, J.C. and K.J. Ryan, Medical microbiology: an introduction to infectious diseases. 1984: Elsevier 

Publishing Company. 
30. Kaper, J.B., J.P. Nataro, and H.L. Mobley, Pathogenic Escherichia coli. Nat Rev Microbiol, 2004. 2(2): p. 

123-40. 



85 

 

31. Okhuysen, P.C. and H.L. DuPont, Enteroaggregative Escherichia coli (EAEC): a cause of acute and 
persistent diarrhea of worldwide importance. Journal of Infectious Diseases, 2010. 202(4): p. 503-505. 

32. Harvey, R.A., Microbiology. 2007: Lippincott Williams & Wilkins. 
33. Muniesa, M., et al., Shiga toxin-producing Escherichia coli O104: H4: a new challenge for microbiology. 

Applied and environmental microbiology, 2012. 78(12): p. 4065-4073. 
34. Thorpe, C.M., Shiga Toxin—Producing Escherichia coli Infection. Clinical infectious diseases, 2004. 

38(9): p. 1298-1303. 
35. Clegg, S. and C.N. Murphy, Epidemiology and Virulence of Klebsiella pneumoniae. Microbiology 

spectrum, 2016. 4(1). 
36. CDC. Healthcare-associated Infections (HAI)Diseases and Organisms, Klebsiella pneumoniae in 

Healthcare Settings [cited 2017 jan 22]; Available from: 
https://www.cdc.gov/hai/organisms/klebsiella/klebsiella.html. 

37. Podschun, R. and U. Ullmann, Klebsiella spp. as nosocomial pathogens: epidemiology, taxonomy, typing 
methods, and pathogenicity factors. Clinical microbiology reviews, 1998. 11(4): p. 589-603. 

38. Nordmann, P., G. Cuzon, and T. Naas, The real threat of Klebsiella pneumoniae carbapenemase-
producing bacteria. The Lancet infectious diseases, 2009. 9(4): p. 228-236. 

39. Fukao, M. and N. Yajima, Antibiotic resistant bacteria–a continuous challenge in the new millennium. 
Assessment of antibiotic resistance in probiotic lactobacilli, 1st edn. InTech, Rijeka, 2012: p. 503-512. 

40. Lautenbach, E., et al., Extended-spectrum β-lactamase-producing Escherichia coli and Klebsiella 
pneumoniae: risk factors for infection and impact of resistance on outcomes. Clinical Infectious Diseases, 
2001. 32(8): p. 1162-1171. 

41. Meyer, K.S., et al., Nosocomial outbreak of Klebsiella infection resistant to late-generation 
cephalosporins. Ann Intern Med, 1993. 119. 

42. Jarvis, W.R., et al., The epidemiology of nosocomial infections caused by Klebsiella pneumoniae. Infection 
Control, 1985: p. 68-74. 

43. O'Hara, C.M., F.W. Brenner, and J.M. Miller, Classification, identification, and clinical significance of 
Proteus, Providencia, and Morganella. Clinical microbiology reviews, 2000. 13(4): p. 534-546. 

44. Różalski, A., et al., Proteus sp.–an opportunistic bacterial pathogen–classification, swarming growth, 
clinical significance and virulence factors. Folia Biologica et Oecologica, 2012. 8(1): p. 1-17. 

45. Schaffer, J.N. and M.M. Pearson, Proteus mirabilis and Urinary Tract Infections. Microbiol Spectr, 2015. 
3(5). 

46. Mordi, R. and M. Momoh, Incidence of Proteus species in wound infections and their sensitivity pattern in 
the University of Benin Teaching Hospital. African journal of Biotechnology, 2009. 8(5). 

47. Chen, C.-Y., et al., Proteus mirabilis urinary tract infection and bacteremia: risk factors, clinical 
presentation, and outcomes. Journal of Microbiology, Immunology and Infection, 2012. 45(3): p. 228-236. 

48. Gillespie, S. and P.M. Hawkey, Principles and practice of clinical bacteriology. 2006: John Wiley & Sons. 
49. Manos, J. and R. Belas, The genera Proteus, Providencia, and Morganella, in The prokaryotes. 2006, 

Springer. p. 245-269. 
50. Liu, H., et al., Morganella morganii, a non-negligent opportunistic pathogen. International Journal of 

Infectious Diseases, 2016. 50: p. 10-17. 
51. Wie, S.-H., Clinical significance of Providencia bacteremia or bacteriuria. The Korean journal of internal 

medicine, 2015. 30(2): p. 167. 
52. Dos Santos, G., et al., Study of the Enterobacteriaceae group CESP (Citrobacter, Enterobacter, Serratia, 

Providencia, Morganella and Hafnia): a review. The Battle Against Microbial Pathogens: Basic Science, 
Technological Advances and Educational Programs, ed A. Méndez-Vilas (Badajoz: Formatex), 2015: p. 
794-805. 

53. Warren, J.W., Providencia stuartii: a common cause of antibiotic-resistant bacteriuria in patients with 
long-term indwelling catheters. Rev Infect Dis, 1986. 8(1): p. 61-7. 

54. Ünverdi, S., et al., Peritonitis due to Providencia stuartii. Peritoneal Dialysis International, 2011. 31(2): p. 
216-217. 

55. Tumbarello, M., et al., ESBL-producing multidrug-resistant Providencia stuartii infections in a university 
hospital. Journal of Antimicrobial Chemotherapy, 2004. 53(2): p. 277-282. 

56. Zaninetti, M., E. Baglivo, and A. Safran, Morganella morganii endophthalmitis after vitrectomy: case 
report and review of the literature. Klinische Monatsblatter fur Augenheilkunde, 2003. 220(3): p. 207-209. 

57. Lee, I. and J. Liu, Clinical characteristics and risk factors for mortality in Morganella morganii 
bacteremia. Journal of microbiology, immunology, and infection= Wei mian yu gan ran za zhi, 2006. 
39(4): p. 328-334. 

58. Kim, J.H., et al., Morganella morganii sepsis with massive hemolysis. Journal of Korean medical science, 
2007. 22(6): p. 1082-1084. 



86 

 

59. Wang, J.-T. and S.-C. Chang, Citrobacter species. 
60. Pepperell, C., et al., Low-virulence Citrobacter species encode resistance to multiple antimicrobials. 

Antimicrobial agents and chemotherapy, 2002. 46(11): p. 3555-3560. 
61. Patel, K.K. and S. Patel, Enterobacter spp.:-An emerging nosocomial infection. IJAR, 2016. 2(11): p. 532-

538. 
62. Kang, C.-I., et al., Bloodstream infections caused by Enterobacter species: predictors of 30-day mortality 

rate and impact of broad-spectrum cephalosporin resistance on outcome. Clinical infectious diseases, 
2004. 39(6): p. 812-818. 

63. Gaston, M., Enterobacter: an emerging nosocomial pathogen. Journal of Hospital Infection, 1988. 11(3): 
p. 197-208. 

64. Davin-Regli, A., Enterobacter aerogenes and Enterobacter cloacae; versatile bacterial pathogens 
confronting antibiotic treatment. Frontiers in microbiology, 2015. 6: p. 392. 

65. Cosgrove, S.E., et al., Health and economic outcomes of the emergence of third-generation cephalosporin 
resistance in Enterobacter species. Archives of internal medicine, 2002. 162(2): p. 185-190. 

66. Cosgrove, S.E., The relationship between antimicrobial resistance and patient outcomes: mortality, length 
of hospital stay, and health care costs. Clin Infect Dis, 2006. 42 Suppl 2: p. S82-9. 

67. Grimont, P.A. and F. Grimont, The genus Serratia. Annual Reviews in Microbiology, 1978. 32(1): p. 221-
248. 

68. Haddy, R.I., et al., Nosocomial infection in the community hospital: severe infection due to Serratia 
species. Journal of Family Practice, 1996. 42(3): p. 273-278. 

69. Yu, V.L., Serratia marcescens: historical perspective and clinical review. New England Journal of 
Medicine, 1979. 300(16): p. 887-893. 

70. Mahlen, S.D., Serratia infections: from military experiments to current practice. Clinical microbiology 
reviews, 2011. 24(4): p. 755-791. 

71. Kim, S.B., et al., Risk factors for mortality in patients with Serratia marcescens bacteremia. Yonsei 
medical journal, 2015. 56(2): p. 348-354. 

72. Sanders, C.V., et al., Serratia marcescens infections from inhalation therapy medications: nosocomial 
outbreak. Annals of Internal Medicine, 1970. 73(1): p. 15-21. 

73. de Vries, J.J., et al., Outbreak of Serratia marcescens colonization and infection traced to a healthcare 
worker with long-term carriage on the hands. Infection Control & Hospital Epidemiology, 2006. 27(11): 
p. 1153-1158. 

74. Diranzo García, J., et al., Skin Abscess due to Serratia marcescens in an Immunocompetent Patient after 
Receiving a Tattoo. Case reports in infectious diseases, 2015. 2015. 

75. Peleg, A.Y., H. Seifert, and D.L. Paterson, Acinetobacter baumannii: emergence of a successful pathogen. 
Clinical microbiology reviews, 2008. 21(3): p. 538-582. 

76. Dijkshoorn, L., A. Nemec, and H. Seifert, An increasing threat in hospitals: multidrug-resistant 
Acinetobacter baumannii. Nature Reviews Microbiology, 2007. 5(12): p. 939-951. 

77. Perez, F., et al., Global challenge of multidrug-resistant Acinetobacter baumannii. Antimicrobial agents 
and chemotherapy, 2007. 51(10): p. 3471-3484. 

78. Smith, M.G., et al., New insights into Acinetobacter baumannii pathogenesis revealed by high-density 
pyrosequencing and transposon mutagenesis. Genes & development, 2007. 21(5): p. 601-614. 

79. Falagas, M., et al., Community-acquired Acinetobacter infections. European Journal of Clinical 
Microbiology & Infectious Diseases, 2007. 26(12): p. 857-868. 

80. Baker, N. and P. Hawkey, The management of resistant Acinetobacter infections in the intensive therapy 
unit, in Management of Multiple Drug-Resistant Infections. 2004, Springer. p. 117-140. 

81. Baumann, P., Isolation of Acinetobacter from soil and water. Journal of bacteriology, 1968. 96(1): p. 39-
42. 

82. Eveillard, M., et al., Reservoirs of Acinetobacter baumannii outside the hospital and potential involvement 
in emerging human community-acquired infections. International Journal of Infectious Diseases, 2013. 
17(10): p. e802-e805. 

83. Seifert, H., et al., The distribution of Acinetobacter species in clinical culture materials. Zentralblatt für 
Bakteriologie, 1993. 279(4): p. 544-552. 

84. Visca, P., H. Seifert, and K.J. Towner, Acinetobacter infection–an emerging threat to human health. 
IUBMB life, 2011. 63(12): p. 1048-1054. 

85. CDC. CDCHealthcare-associated Infections (HAI)Diseases and Organisms. Acinetobacter in Healthcare 
Settings.  [cited 2017 jan 24]; Available from: https://www.cdc.gov/hai/organisms/acinetobacter.html. 

86. Bodey, G.P., et al., Infections caused by Pseudomonas aeruginosa. Review of Infectious Diseases, 1983. 
5(2): p. 279-313. 



87 

 

87. Morrison, A.J. and R.P. Wenzel, Epidemiology of infections due to Pseudomonas aeruginosa. Review of 
Infectious Diseases, 1984. 6(Supplement 3): p. S627-S642. 

88. Driscoll, J.A., S.L. Brody, and M.H. Kollef, The epidemiology, pathogenesis and treatment of 
Pseudomonas aeruginosa infections. Drugs, 2007. 67(3): p. 351-368. 

89. Kerr, K.G. and A.M. Snelling, Pseudomonas aeruginosa: a formidable and ever-present adversary. 
Journal of Hospital Infection, 2009. 73(4): p. 338-344. 

90. Livermore, D.M., Multiple mechanisms of antimicrobial resistance in Pseudomonas aeruginosa: our worst 
nightmare? Clinical infectious diseases, 2002. 34(5): p. 634-640. 

91. Strateva, T. and D. Yordanov, Pseudomonas aeruginosa–a phenomenon of bacterial resistance. Journal of 
medical microbiology, 2009. 58(9): p. 1133-1148. 

92. Yazdankhah, S., et al., The history of antibiotics. Tidsskrift for den Norske laegeforening: tidsskrift for 
praktisk medicin, ny raekke, 2013. 133(23-24): p. 2502-2507. 

93. Clardy, J., M.A. Fischbach, and C.R. Currie, The natural history of antibiotics. Current biology, 2009. 
19(11): p. R437-R441. 

94. Zaffiri, L., J. Gardner, and L.H. Toledo-Pereyra, History of antibiotics. From salvarsan to cephalosporins. 
Journal of Investigative Surgery, 2012. 25(2): p. 67-77. 

95. Aminov, R.I., A brief history of the antibiotic era: lessons learned and challenges for the future. Frontiers 
in microbiology, 2010. 1: p. 134. 

96. Fleming, A., On the antibacterial action of cultures of a penicillium, with special reference to their use in 
the isolation of B. influenzae. British journal of experimental pathology, 1929. 10(3): p. 226. 

97. Podolsky, S.H., The antibiotic era: reform, resistance, and the pursuit of a rational therapeutics. 2014: 
JHU Press. 

98. Kardos, N. and A.L. Demain, Penicillin: the medicine with the greatest impact on therapeutic outcomes. 
Applied microbiology and biotechnology, 2011. 92(4): p. 677-687. 

99. Davies, J. and D. Davies, Origins and evolution of antibiotic resistance. Microbiology and molecular 
biology reviews, 2010. 74(3): p. 417-433. 

100. Skold, O., Antibiotics and Antibiotics Resistance. First Edition ed. 2011, Canada: John Wiley & Sons. 
101. Guilfoile, P., & Alcamo, I. E. . Antibiotic Resistant Bacteria (Deadly Diseases And Epidemics) 2007, New 

York: Chelsea House .Infobase Publishing. 
102. Nathan, C. and O. Cars, Antibiotic resistance—problems, progress, and prospects. New England Journal 

of Medicine, 2014. 371(19): p. 1761-1763. 
103. Ventola, C.L., The antibiotic resistance crisis: part 1: causes and threats. Pharmacy and Therapeutics, 

2015. 40(4): p. 277. 
104. Kaiser, A.B., Antimicrobial prophylaxis in surgery. New England Journal of Medicine, 1986. 315(18): p. 

1129-1138. 
105. Kohanski, M.A., D.J. Dwyer, and J.J. Collins, How antibiotics kill bacteria: from targets to networks. 

Nature Reviews Microbiology, 2010. 8(6): p. 423-435. 
106. Kaufman, G., Antibiotics: mode of action and mechanisms of resistance. Nursing standard, 2011. 25(42): 

p. 49-55. 
107. Kohanski, M.A., et al., A common mechanism of cellular death induced by bactericidal antibiotics. Cell, 

2007. 130(5): p. 797-810. 
108. Moir, D.T., et al., New classes of antibiotics. Current opinion in pharmacology, 2012. 12(5): p. 535-544. 
109. Walsh, C. and T. Wencewicz, Antibiotics: challenges, mechanisms, opportunities. 2016: American Society 

for Microbiology (ASM). 
110. Zahner, H. and W.K. Maas, Biology of Antibiotics. Vol. 4. 1972: Springer-Verlag New York Inc. 
111. CDDEP, Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics., 2015.: 

Washington, D.C. 
112. Green, D.W., The bacterial cell wall as a source of antibacterial targets. Expert opinion on therapeutic 

targets, 2002. 6(1): p. 1-20. 
113. Gadebusch, H.H., E.O. Stapley, and S.B. Zimmerman, The discovery of cell wall active antibacterial 

antibiotics. Critical reviews in biotechnology, 1992. 12(3): p. 225-243. 
114. Salton, M., Structure and Function of Bacterial Cell Membranes. 1967. 
115. Ghuysen, J.-M. and R. Hakenbeck, Bacterial cell wall. Vol. 27. 1994: Elsevier. 
116. Martin, H.H., Biochemistry of bacterial cell walls. Annual review of biochemistry, 1966. 35(1): p. 457-

484. 
117. Silhavy, T.J., D. Kahne, and S. Walker, The bacterial cell envelope. Cold Spring Harbor perspectives in 

biology, 2010. 2(5): p. a000414. 
118. Bhattacharjee, M.K., Antibiotics That Inhibit Cell Wall Synthesis, in Chemistry of Antibiotics and Related 

Drugs. 2016, Springer. p. 49-94. 



88 

 

119. Coyle;, M.B. and A.S.f. Microbiology., <Manual of Antimicrobial Susceptibility Testing.pdf>. 2005: 
Washington, DC : American Society for Microbiology. 

120. Forbes, B.A., D.F. Sahm, and l.S. Weissfeld, Baily & Scott’s Diagnostic Microbiology, . Twelfth Edition 
ed. 2007, Philadelphia, PA, USA: Mosby, Inc., an affiliate of Elsevier Inc. 

121. Donowitz, G.R. and G.L. Mandell, Beta-lactam antibiotics. New England Journal of Medicine, 1988. 
318(8): p. 490-500. 

122. Prescott, J.F., Beta‐lactam Antibiotics. Antimicrobial Therapy in Veterinary Medicine, Fifth Edition, 2000: 
p. 153-173. 

123. Page, M.G., Beta-lactam antibiotics, in Antibiotic Discovery and Development. 2012, Springer. p. 79-117. 
124. Tomasz, A., The mechanism of the irreversible antimicrobial effects of penicillins: how the beta-lactam 

antibiotics kill and lyse bacteria. Annual Reviews in Microbiology, 1979. 33(1): p. 113-137. 
125. Waxman, D.J. and J.L. Strominger, Penicillin-binding proteins and the mechanism of action of beta-

lactam antibiotics1. Annual review of biochemistry, 1983. 52(1): p. 825-869. 
126. Gale, E.F., Mechanisms of antibiotic action. Pharmacological reviews, 1963. 15(3): p. 481-530. 
127. Reynolds, P.E., Structure, biochemistry and mechanism of action of glycopeptide antibiotics. European 

Journal of Clinical Microbiology and Infectious Diseases, 1989. 8(11): p. 943-950. 
128. Kahne, D., et al., Glycopeptide and lipoglycopeptide antibiotics. Chemical reviews, 2005. 105(2): p. 425-

448. 
129. Barna, J. and D. Williams, The structure and mode of action of glycopeptide antibiotics of the vancomycin 

group. Annual Reviews in Microbiology, 1984. 38(1): p. 339-357. 
130. Newton, B., Mechanisms of antibiotic action. Annual Reviews in Microbiology, 1965. 19(1): p. 209-240. 
131. Arenz, S. and D.N. Wilson, Bacterial Protein Synthesis as a Target for Antibiotic Inhibition. 2016. 
132. McCoy, L.S., Y. Xie, and Y. Tor, Antibiotics that target protein synthesis. Wiley Interdisciplinary 

Reviews: RNA, 2011. 2(2): p. 209-232. 
133. Hong, W., J. Zeng, and J. Xie, Antibiotic drugs targeting bacterial RNAs. Acta Pharmaceutica Sinica B, 

2014. 4(4): p. 258-265. 
134. Mukhtar, T.A. and G.D. Wright, Streptogramins, oxazolidinones, and other inhibitors of bacterial protein 

synthesis. Chemical reviews, 2005. 105(2): p. 529-542. 
135. Beard, N.S., S.A. Armentrout, and A.S. Weisberger, Inhibition of mammalian protein synthesis by 

antibiotics. Pharmacological reviews, 1969. 21(3): p. 213-245. 
136. Wilson, B.A., et al., Bacterial Pathogenesis - A Molecular Approach, , ed. r. Edition. 2011, 1752 N St. 

NW Washington, DC 20036-2904: ASM Press American Society for Microbiology 
 
137. Mingeot-Leclercq, M.-P., Y. Glupczynski, and P.M. Tulkens, Aminoglycosides: activity and resistance. 

Antimicrobial agents and chemotherapy, 1999. 43(4): p. 727-737. 
138. Kotra, L.P., J. Haddad, and S. Mobashery, Aminoglycosides: perspectives on mechanisms of action and 

resistance and strategies to counter resistance. Antimicrobial agents and chemotherapy, 2000. 44(12): p. 
3249-3256. 

139. Walter, F., Q. Vicens, and E. Westhof, Aminoglycoside–RNA interactions. Current opinion in chemical 
biology, 1999. 3(6): p. 694-704. 

140. Mehta, R. and W.S. Champney, 30S ribosomal subunit assembly is a target for inhibition by 
aminoglycosides in Escherichia coli. Antimicrobial agents and chemotherapy, 2002. 46(5): p. 1546-1549. 

141. Gonzalez 3rd, L. and J.P. Spencer, Aminoglycosides: a practical review. American family physician, 1998. 
58(8): p. 1811-1820. 

142. Chopra, I. and M. Roberts, Tetracycline antibiotics: mode of action, applications, molecular biology, and 
epidemiology of bacterial resistance. Microbiology and molecular biology reviews, 2001. 65(2): p. 232-
260. 

143. Schnappinger, D. and W. Hillen, Tetracyclines: antibiotic action, uptake, and resistance mechanisms. 
Archives of microbiology, 1996. 165(6): p. 359-369. 

144. O’Connor, R.P., Tetracyclines, chloramphenicol, macrolides, and lincosamides. 
145. Schönfeld, W. and H.A. Kirst, Macrolide antibiotics. 2002: Springer Science & Business Media. 
146. Mazzei, T., et al., Chemistry and mode of action of macrolides. Journal of Antimicrobial Chemotherapy, 

1993. 31(suppl C): p. 1-9. 
147. Omura, S., Macrolide antibiotics: chemistry, biology, and practice. 2002: Academic press. 
148. Gaynor, M. and A.S. Mankin, Macrolide antibiotics: binding site, mechanism of action, resistance. 

Current topics in medicinal chemistry, 2003. 3(9): p. 949-960. 
149. Heyns, A., Macrolides. South African Family Practice, 2012. 9(9). 
150. Davis, S., Macrolides and ketolides: more than just antimicrobials. SA Pharmaceutical Journal, 2011. 

78(6): p. 24-27. 



89 

 

151. Anderson, R.J., et al., Chloramphenicol. Antibacterial Agents: Chemistry, Mode of Action, Mechanisms of 
Resistance and Clinical Applications: p. 231-242. 

152. Christiansen, K., et al., Chloramphenicol for meningitis. The Lancet, 1983. 321(8325): p. 651-652. 
153. Vazquez, D. Mode of action of chloramphenicol and related antibiotics. in Symp. Soc. Gen. Microbiol. 

1966. 
154. Oliphant, C.M. and G.M. Green, Quinolones: a comprehensive review. American family physician, 2002. 

65(3): p. 455-464. 
155. Hooper, D. Quinolones. in 46th Annual Meeting. 2008. Idsa. 
156. Von Rosenstiel, N. and D. Adam, Quinolone antibacterials. Drugs, 1994. 47(6): p. 872-901. 
157. Hooper, D.C., Quinolone mode of action. Drugs, 1995. 49(2): p. 10-15. 
158. Luzzaro, F., Fluoroquinolones and Gram-negative bacteria: antimicrobial activity and mechanisms of 

resistance. Infez. Med, 2008. 16(Suppl 2): p. 5-11. 
159. Murray, P.R., K.S. Rosenthal, and M.A. Pfaller, <1Medical Microbiology Murray-6th ed.pdf>. 

Philadelphia: Mosby/Elsevier, ©2009. 
160. Cruciani, M. and D. Bassetti, The fluoroquinolones as treatment for infections caused by Gram-positive 

bacteria. Journal of Antimicrobial Chemotherapy, 1994. 33(3): p. 403-417. 
161. Takahashi, H., I. Hayakawa, and T. Akimoto, The history of the development and changes of quinolone 

antibacterial agents. Yakushigaku Zasshi, 2002. 38(2): p. 161-179. 
162. Prescott, L.M., D.A. Klein, and J.P. Harley, Microbiology. 2002, Boston: McGraw-Hill Global Education 

Holdings, LLC. 
163. Saravolatz, L.D. and J. Leggett, Gatifloxacin, gemifloxacin, and moxifloxacin: the role of 3 newer 

fluoroquinolones. Clinical infectious diseases, 2003. 37(9): p. 1210-1215. 
164. Gupta, S., et al., Colistin and polymyxin B: a re-emergence. Indian Journal of Critical Care Medicine, 

2009. 13(2): p. 49. 
165. Yu, Z., et al., Antibacterial mechanisms of polymyxin and bacterial resistance. BioMed research 

international, 2015. 2015. 
166. May, D.B., D.C. Hooper, and J. Mitty, Trimethoprim-sulfamethoxazole: An overview. 
167. Masters, P.A., et al., Trimethoprim-sulfamethoxazole revisited. Archives of Internal Medicine, 2003. 

163(4): p. 402-410. 
168. Hitchings, G.H., Mechanism of Action of Trimethoprim-Sulfamethoxazole: I. The Journal of Infectious 

Diseases, 1973: p. S433-S436. 
169. Gleckman, R., N. Blagg, and D.W. Joubert, Trimethoprim: mechanisms of action, antimicrobial activity, 

bacterial resistance, pharmacokinetics, adverse reactions, and therapeutic indications. Pharmacotherapy: 
The Journal of Human Pharmacology and Drug Therapy, 1981. 1(1): p. 14-19. 

170. Spellberg, B., et al., Trends in antimicrobial drug development: implications for the future. Clinical 
Infectious Diseases, 2004. 38(9): p. 1279-1286. 

171. Alanis, A.J., Resistance to antibiotics: are we in the post-antibiotic era? Archives of medical research, 
2005. 36(6): p. 697-705. 

172. Falagas, M.E. and I.A. Bliziotis, Pandrug-resistant Gram-negative bacteria: the dawn of the post-
antibiotic era? International journal of antimicrobial agents, 2007. 29(6): p. 630-636. 

173. Appelbaum, P.C., 2012 and beyond: potential for the start of a second pre-antibiotic era? J Antimicrob 
Chemother, 2012. 67(9): p. 2062-8. 

174. Lerner, S.A., Clinical impact of antibiotic resistance, in Resolving the Antibiotic Paradox. 1998, Springer. 
p. 7-15. 

175. Roberts, R.R., et al., Hospital and societal costs of antimicrobial-resistant infections in a Chicago teaching 
hospital: implications for antibiotic stewardship. Clin Infect Dis, 2009. 49(8): p. 1175-84. 

176. APUA. Alliance for the Prudent Use of Antibiotics (APUA). The cost of antibiotic resistance to U.S. 
families and the health care system.  23/November/2016]; Available from: 
http://emerald.tufts.edu/med/apua/consumers/personal_home_5_1451036133.pdf. 

177. ECDC. European Centre for Disease Prevention and Control (ECDC), European Medicines Agency 
(EMEA). ECDC/EMEA joint technical report. The bacterial challenge: time to react. Stockholm: ECDC, 
2009.  23/November/2016]; Available from: 
http://ecdc.europa.eu/en/publications/Publications/0909_TER_The_Bacterial_Challenge_Time_to_React.p
df. 

178. Bartoloni, A. and E. Gotuzzo, Bacterial-Resistant Infections in Resource-Limited Countries, in 
Antimicrobial Resistance in Developing Countries. 2010, Springer: New York p. 199-231. 

179. Okeke, I.N. and A. Sosa, Antibiotic Resistance in Africa–. 
180. Essack, S., et al., Antimicrobial resistance in the WHO African region: current status and roadmap for 

action. Journal of Public Health, 2016: p. fdw015. 



90 

 

181. Kimang'a, A.N., A situational analysis of antimicrobial drug resistance in Africa: are we losing the battle? 
Ethiop J Health Sci, 2012. 22(2): p. 135-43. 

182. Kariuki, S. and G. Dougan, Antibacterial resistance in sub-Saharan Africa: an underestimated emergency. 
Ann N Y Acad Sci, 2014. 1323: p. 43-55. 

183. Okeke, I.N., et al., Antimicrobial resistance in developing countries. Part I: recent trends and current 
status. Lancet Infect Dis, 2005. 5(8): p. 481-93. 

184. Tadesse, D., et al., Rapid assessment of drinking-water quality in the Federal Democratic Republic of 
Ethiopia: country report of the pilot project implementation in 2004-2005. Geneva: WHO/UNICEF, 2010. 

185. Beyene, A., et al., Current state and trends of access to sanitation in Ethiopia and the need to revise 
indicators to monitor progress in the Post-2015 era. BMC public health, 2015. 15(1): p. 451. 

186. FMOH, Health Sector Development Program IV 2010/11 – 2014/15. Federal Ministry of Health, Ethiopia, 
2010. 

187. EDACA, Antimcirobials use, resistance and containment baseline survey. Drug administration and 
control authority of ethiopia. , addis ababa. 2009. 

188. Worku, S. and A. G/Mariam, Practice of self medication in Jimma town. Ethiop J. Health Dev, 2003. 17: p. 
111-116. 

189. Quinteros, M., et al., Extended-spectrum β-lactamases in Enterobacteriaceae in Buenos Aires, Argentina, 
public hospitals. Antimicrobial agents and chemotherapy, 2003. 47(9): p. 2864-2867. 

190. WHO, Antimicrobial resistance  Fact sheet Updated September 2016. 
191. Rao, G.G., Risk factors for the spread of antibiotic-resistant bacteria. Drugs, 1998. 55(3): p. 323-30. 
192. WHO, The evolving threat of antimicrobial resistance: options for action: executive summary. 2012. 
193. Holmes, A.H., et al., Understanding the mechanisms and drivers of antimicrobial resistance. Lancet, 2016. 

387(10014): p. 176-87. 
194. WHO, Worldwide country situation analysis: response to antimicrobial resistance. 2015. 
195. Toma, A. and S. Deyno, Overview on Mechanisms of Antibacterial Resistance. International Journal of 

Research in Pharmacy and Biosciences, 2015. 2(1). 
196. Harbarth, S. and D.L. Monnet, Cultural and socioeconomic determinants of antibiotic use, in Antibiotic 

policies: fighting resistance. 2008, Springer. p. 29-40. 
197. Silva, J., Mechanisms of antibiotic resistance. Current therapeutic research, 1996. 57(13): p. 30-35. 
198. Cox, G. and G.D. Wright, Intrinsic antibiotic resistance: mechanisms, origins, challenges and solutions. 

Int J Med Microbiol, 2013. 303(6-7): p. 287-92. 
199. Zhang, Y., Mechanisms of antibiotic resistance in the microbial world. 
200. Blair, J.M.A., et al., Molecular mechanisms of antibiotic resistance. Nat Rev Micro, 2015. 13(1): p. 42-51. 
201. Tenover, F.C., Mechanisms of antimicrobial resistance in bacteria. American Journal of Infection Control, 

2006. 34(5, Supplement): p. S3-S10. 
202. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 

bacilli. Annals of intensive care, 2015. 5(1): p. 1. 
203. Hancock, R.E., Resistance mechanisms in Pseudomonas aeruginosa and other nonfermentative gram-

negative bacteria. Clinical Infectious Diseases, 1998. 27(Supplement 1): p. S93-S99. 
204. Sanders, C.C. and W.E. Sanders, β-Lactam resistance in gram-negative bacteria: global trends and 

clinical impact. Clinical Infectious Diseases, 1992. 15(5): p. 824-839. 
205. Alekshun, M.N. and S.B. Levy, Molecular mechanisms of antibacterial multidrug resistance. Cell, 2007. 

128(6): p. 1037-1050. 
206. Poole, K., Multidrug resistance in Gram-negative bacteria. Current opinion in microbiology, 2001. 4(5): 

p. 500-508. 
207. Denyer, S.P. and J.Y. Maillard, Cellular impermeability and uptake of biocides and antibiotics in 

Gram‐negative bacteria. Journal of applied microbiology, 2002. 92(s1). 
208. Delcour, A.H., Outer membrane permeability and antibiotic resistance. Biochimica et Biophysica Acta 

(BBA)-Proteins and Proteomics, 2009. 1794(5): p. 808-816. 
209. Pagès, J.-M., C.E. James, and M. Winterhalter, The porin and the permeating antibiotic: a selective 

diffusion barrier in Gram-negative bacteria. Nature Reviews Microbiology, 2008. 6(12): p. 893-903. 
210. Blair, J.M., G.E. Richmond, and L.J. Piddock, Multidrug efflux pumps in Gram-negative bacteria and their 

role in antibiotic resistance. Future microbiology, 2014. 9(10): p. 1165-1177. 
211. Li, X.Z., P. Plesiat, and H. Nikaido, The challenge of efflux-mediated antibiotic resistance in Gram-

negative bacteria. Clin Microbiol Rev, 2015. 28(2): p. 337-418. 
212. Leclercq, R. and P. Courvalin, Bacterial resistance to macrolide, lincosamide, and streptogramin 

antibiotics by target modification. Antimicrobial agents and chemotherapy, 1991. 35(7): p. 1267. 
213. Woodford, N. and M.J. Ellington, The emergence of antibiotic resistance by mutation. Clinical 

Microbiology and Infection, 2007. 13(1): p. 5-18. 



91 

 

214. Spratt, B.G., Resistance to antibiotics mediated by target alterations. Science-AAAS-Weekly Paper 
Edition-including Guide to Scientific Information, 1994. 264(5157): p. 388-396. 

215. Weigel, L.M., C.D. Steward, and F.C. Tenover, gyrA mutations associated with fluoroquinolone resistance 
in eight species ofEnterobacteriaceae. Antimicrobial Agents and Chemotherapy, 1998. 42(10): p. 2661-
2667. 

216. Courvalin, P., B. Weisblum, and J. Davies, Aminoglycoside-modifying enzyme of an antibiotic-producing 
bacterium acts as a determinant of antibiotic resistance in Escherichia coli. Proceedings of the National 
Academy of Sciences, 1977. 74(3): p. 999-1003. 

217. Rawat, D. and D. Nair, Extended-spectrum ß-lactamases in gram negative bacteria. Journal of global 
infectious diseases, 2010. 2(3): p. 263. 

218. Manageiro, V., Dynamics of β-lactamases in Gram-negative bacteria. 2011. 
219. Davies, J.E., Resistance to aminoglycosides: mechanisms and frequency. Review of Infectious Diseases, 

1983. 5(Supplement 2): p. S261-S267. 
220. Ramirez, M.S. and M.E. Tolmasky, Aminoglycoside modifying enzymes. Drug Resistance Updates, 2010. 

13(6): p. 151-171. 
221. Nikaido, H., Multidrug resistance in bacteria. Annual review of biochemistry, 2009. 78: p. 119-146. 
222. Rice, L.B. and R.A. Bonomo, Mechanisms of resistance to antibacterial agents, in Manual of Clinical 

Microbiology, 10th Edition. 2011, American Society of Microbiology. p. 1082-1114. 
223. Chong, Y., et al., Community spread of extended-spectrum β-lactamase-producing Escherichia coli, 

Klebsiella pneumoniae and Proteus mirabilis: a long-term study in Japan. Journal of medical 
microbiology, 2013. 62(7): p. 1038-1043. 

224. Paterson, D.L., Resistance in gram-negative bacteria: Enterobacteriaceae. Am J Infect Control, 2006. 
34(5 Suppl 1): p. S20-8; discussion S64-73. 

225. Rupp, M.E. and P.D. Fey, Extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae: 
considerations for diagnosis, prevention and drug treatment. Drugs, 2003. 63(4): p. 353-65. 

226. Meier, S., et al., Extended-spectrum beta-lactamase-producing Gram-negative pathogens in community-
acquired urinary tract infections: an increasing challenge for antimicrobial therapy. Infection, 2011. 39. 

227. Pitout, J.D., et al., Emergence of Enterobacteriaceae producing extended-spectrum beta-lactamases 
(ESBLs) in the community. J Antimicrob Chemother, 2005. 56. 

228. Kassakian, S.Z. and L.A. Mermel, Changing epidemiology of infections due to extended spectrum beta-
lactamase producing bacteria. Antimicrobial Resistance and Infection Control, 2014. 3(1): p. 9. 

229. Paterson, D.L. and R.A. Bonomo, Extended-spectrum beta-lactamases: a clinical update. Clin Microbiol 
Rev, 2005. 18(4): p. 657-86. 

230. Gupta, V., et al., Coexistence of extended spectrum beta-lactamases, AmpC beta-lactamases and metallo-
beta-lactamases in Acinetobacter baumannii from burns patients: a report from a tertiary care centre of 
India. Ann Burns Fire Disasters, 2013. 26(4): p. 189-92. 

231. Ruppé, É., P.-L. Woerther, and F. Barbier, Mechanisms of antimicrobial resistance in Gram-negative 
bacilli. Annals of intensive care, 2015. 5(1): p. 21. 

232. Meletis, G., Carbapenem resistance: overview of the problem and future perspectives. Therapeutic 
advances in infectious disease, 2016. 3(1): p. 15-21. 

233. Rao, S.P., et al., Extended-spectrum beta-lactamases producing Escherichia coli and Klebsiella 
pneumoniae: A multi-centric study across Karnataka. Journal of laboratory physicians, 2014. 6(1): p. 7. 

234. Goyal, A., et al., Extended spectrum β--lactamases in Escherichia coli & Klebsiella pneumoniae & 
associated risk factors. 2009. 

235. Bradford, P.A., Extended-spectrum β-lactamases in the 21st century: characterization, epidemiology, and 
detection of this important resistance threat. Clinical microbiology reviews, 2001. 14(4): p. 933-951. 

236. Choi, S.-H., et al., Prevalence, microbiology, and clinical characteristics of extended-spectrum β-
lactamase-producing Enterobacter spp., Serratia marcescens, Citrobacter freundii, and Morganella 
morganii in Korea. European Journal of Clinical Microbiology & Infectious Diseases, 2007. 26(8): p. 557-
561. 

237. Ben-Ami, R., et al., A multinational survey of risk factors for infection with extended-spectrum β-
lactamase-producing Enterobacteriaceae in nonhospitalized patients. Clinical Infectious Diseases, 2009. 
49(5): p. 682-690. 

238. Peled, N., et al., Extended-spectrum beta-lactamase-producing Enterobacteriaceae strains in community-
acquiredbacteremia in Southern Israel. Medical Science Monitor, 2002. 8(1): p. CR44-CR47. 

239. Canton, R. and T.M. Coque, The CTX-M beta-lactamase pandemic. Curr Opin Microbiol, 2006. 9(5): p. 
466-75. 

240. Rossolini, G.M., M.M. D'Andrea, and C. Mugnaioli, The spread of CTX-M-type extended-spectrum beta-
lactamases. Clin Microbiol Infect, 2008. 14 Suppl 1: p. 33-41. 



92 

 

241. Gootz, T.D., Global dissemination of beta-lactamases mediating resistance to cephalosporins and 
carbapenems. Expert Rev Anti Infect Ther, 2004. 2(2): p. 317-27. 

242. Salverda, M.L., J.A. De Visser, and M. Barlow, Natural evolution of TEM-1 beta-lactamase: experimental 
reconstruction and clinical relevance. FEMS Microbiol Rev, 2010. 34(6): p. 1015-36. 

243. Jacoby, G.A. and A.A. Medeiros, More extended-spectrum beta-lactamases. Antimicrobial Agents and 
Chemotherapy, 1991. 35(9): p. 1697. 

244. Bush, K., T. Palzkill, and G. Jacoby, Lactamase classification and amino acid sequences for TEM, SHV 
and OXA extended-spectrum and inhibitor resistant enzymes. Lahey Clinic, Burlington, MA, 2015. 

245. Tzouvelekis, L.S. and R.A. Bonomo, SHV-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 847-64. 
246. Huletsky, A., J.R. Knox, and R.C. Levesque, Role of Ser-238 and Lys-240 in the hydrolysis of third-

generation cephalosporins by SHV-type beta-lactamases probed by site-directed mutagenesis and three-
dimensional modeling. J Biol Chem, 1993. 268(5): p. 3690-7. 

247. Shaikh, S., et al., Antibiotic resistance and extended spectrum beta-lactamases: Types, epidemiology and 
treatment. Saudi journal of biological sciences, 2015. 22(1): p. 90-101. 

248. Paterson, D.L. and R.A. Bonomo, Extended-spectrum β-lactamases: a clinical update. Clinical 
microbiology reviews, 2005. 18(4): p. 657-686. 

249. Bonnet, R., Growing group of extended-spectrum β-lactamases: the CTX-M enzymes. Antimicrobial agents 
and chemotherapy, 2004. 48(1): p. 1-14. 

250. Lahlaoui, H., A.B.H. Khalifa, and M.B. Moussa, Epidemiology of Enterobacteriaceae producing CTX-M 
type extended spectrum β-lactamase (ESBL). Médecine et Maladies Infectieuses, 2014. 44(9): p. 400-404. 

251. Zhao, W.-H. and Z.-Q. Hu, Epidemiology and genetics of CTX-M extended-spectrum β-lactamases in 
Gram-negative bacteria. Critical reviews in microbiology, 2013. 39(1): p. 79-101. 

252. Evans, B.A. and S.G. Amyes, OXA β-lactamases. Clinical microbiology reviews, 2014. 27(2): p. 241-263. 
253. Maurya, A.P., et al., Emergence of integron borne PER-1 mediated extended spectrum cephalosporin 

resistance among nosocomial isolates of Gram-negative bacilli. The Indian journal of medical research, 
2015. 141(6): p. 816. 

254. Naas, T., L. Poirel, and P. Nordmann, Minor extended‐spectrum β‐lactamases. Clinical microbiology and 
infection, 2008. 14(s1): p. 42-52. 

255. Naas, T. and P. Nordmann, OXA-type beta-lactamases. Curr Pharm Des, 1999. 5(11): p. 865-79. 
256. Nordmann, P., et al., Characterization of a novel extended-spectrum beta-lactamase from Pseudomonas 

aeruginosa. Antimicrobial Agents and Chemotherapy, 1993. 37(5): p. 962-969. 
257. Libisch, B., et al., Identification of PER-1 extended-spectrum β-lactamase producing Pseudomonas 

aeruginosa clinical isolates of the international clonal complex CC11 from Hungary and Serbia. FEMS 
Immunology & Medical Microbiology, 2008. 54(3): p. 330-338. 

258. Iabadene, H., et al., Emergence of extended-spectrum β-lactamase PER-1 in Proteus vulgaris and 
Providencia stuartii isolates from Algiers, Algeria. Antimicrobial agents and chemotherapy, 2009. 53(9): 
p. 4043-4044. 

259. Poirel, L., et al., Molecular and biochemical characterization of VEB-1, a novel class A extended-spectrum 
β-lactamase encoded by an Escherichia coli integron gene. Antimicrobial Agents and Chemotherapy, 
1999. 43(3): p. 573-581. 

260. Manchanda, V. and N.P. Singh, Occurrence and detection of AmpC β-lactamases among Gram-negative 
clinical isolates using a modified three-dimensional test at Guru Tegh Bahadur Hospital, Delhi, India. 
Journal of Antimicrobial Chemotherapy, 2003. 51(2): p. 415-418. 

261. Jacoby, G.A., AmpC β-lactamases. Clinical microbiology reviews, 2009. 22(1): p. 161-182. 
262. Philippon, A., G. Arlet, and G.A. Jacoby, Plasmid-determined AmpC-type β-lactamases. Antimicrobial 

agents and chemotherapy, 2002. 46(1): p. 1-11. 
263. Thomson, K.S., Extended-spectrum-β-lactamase, AmpC, and carbapenemase issues. Journal of clinical 

microbiology, 2010. 48(4): p. 1019-1025. 
264. Black, J.A., E.S. Moland, and K.S. Thomson, AmpC disk test for detection of plasmid-mediated AmpC β-

lactamases in Enterobacteriaceae lacking chromosomal AmpC β-lactamases. Journal of clinical 
microbiology, 2005. 43(7): p. 3110-3113. 

265. Bauernfeind, A., Y. Chong, and K. Lee, Plasmid-encoded AmpC ß-lactamases: how far have we gone 10 
years after the discovery. Yonsei medical journal, 1998. 39: p. 520-25. 

266. Queenan, A.M. and K. Bush, Carbapenemases: the versatile β-lactamases. Clinical microbiology reviews, 
2007. 20(3): p. 440-458. 

267. Dahiya, S., et al., Carbapenemasea: A Review. International Journal of Advanced Health Sciences, 2015. 
2(4): p. 11-17. 

268. Bush, K., G.A. Jacoby, and A.A. Medeiros, A functional classification scheme for beta-lactamases and its 
correlation with molecular structure. Antimicrobial agents and chemotherapy, 1995. 39(6): p. 1211. 



93 

 

269. Nordmann, P. and L. Poirel, Emerging carbapenemases in Gram‐negative aerobes. Clinical Microbiology 
and Infection, 2002. 8(6): p. 321-331. 

270. Cuzon, G., T. Naas, and P. Nordmann, KPC carbapenemases: what is at stake in clinical microbiology? 
Pathologie-biologie, 2010. 58(1): p. 39-45. 

271. Arnold, R.S., et al., Emergence of Klebsiella pneumoniae carbapenemase (KPC)-producing bacteria. 
Southern medical journal, 2011. 104(1): p. 40. 

272. Poirel, L., J.D. Pitout, and P. Nordmann, Carbapenemases: molecular diversity and clinical consequences. 
2007. 

273. Yong, D., et al., Characterization of a new metallo-β-lactamase gene, blaNDM-1, and a novel 
erythromycin esterase gene carried on a unique genetic structure in Klebsiella pneumoniae sequence type 
14 from India. Antimicrobial agents and chemotherapy, 2009. 53(12): p. 5046-5054. 

274. Cornaglia, G., H. Giamarellou, and G.M. Rossolini, Metallo-β-lactamases: a last frontier for β-lactams? 
The Lancet infectious diseases, 2011. 11(5): p. 381-393. 

275. Nordmann, P., et al., The emerging NDM carbapenemases. Trends in microbiology, 2011. 19(12): p. 588-
595. 

276. Wilson, M.E. and L.H. Chen, NDM-1 and the role of travel in its dissemination. Current infectious disease 
reports, 2012. 14(3): p. 213-226. 

277. Rasheed, J.K., et al., New Delhi metallo-β-lactamase-producing enterobacteriaceae, United States. Emerg 
Infect Dis, 2013. 19(6): p. 870-8. 

278. Bonomo, R.A., New Delhi metallo-β-lactamase and multidrug resistance: a global SOS? Clinical 
Infectious Diseases, 2011. 52(4): p. 485-487. 

279. Dortet, L., L. Poirel, and P. Nordmann, Worldwide dissemination of the NDM-type carbapenemases in 
Gram-negative bacteria. BioMed research international, 2014. 2014. 

280. Berrazeg, M., et al., New Delhi Metallo-beta-lactamase around the world: an eReview using Google Maps. 
Euro Surveill, 2014. 19(20): p. 20809. 

281. Kim, U.J., et al., Update on the Epidemiology, Treatment, and Outcomes of Carbapenem-resistant 
Acinetobacter infections. Chonnam medical journal, 2014. 50(2): p. 37-44. 

282. Bonnin, R.A., L. Poirel, and P. Nordmann, New Delhi metallo-β-lactamase-producing Acinetobacter 
baumannii: a novel paradigm for spreading antibiotic resistance genes. Future microbiology, 2014. 9(1): 
p. 33-41. 

283. Poirel, L. and P. Nordmann, Carbapenem resistance in Acinetobacter baumannii: mechanisms and 
epidemiology. Clinical Microbiology and Infection, 2006. 12(9): p. 826-836. 

284. Maya, J.J., et al., Current status of carbapenemases in Latin America. Expert review of anti-infective 
therapy, 2013. 11(7): p. 657-667. 

285. Docquier, J.-D., et al., Crystal structure of the OXA-48 β-lactamase reveals mechanistic diversity among 
class D carbapenemases. Chemistry & biology, 2009. 16(5): p. 540-547. 

286. Gelband, H., et al., The state of the world's antibiotics 2015. Wound Healing Southern Africa, 2015. 8(2): 
p. 30-34. 

287. Goel, V., S.A. Hogade, and S. Karadesai, Prevalence of extended-spectrum beta-lactamases, AmpC beta-
lactamase, and metallo-beta-lactamase producing Pseudomonas aeruginosa and Acinetobacter baumannii 
in an intensive care unit in a tertiary care hospital. Journal of the Scientific Society, 2013. 40(1): p. 28. 

288. Knothe, H., et al., Transferable resistance to cefotaxime, cefoxitin, cefamandole and cefuroxime in clinical 
isolates of Klebsiella pneumoniae and Serratia marcescens. Infection, 1983. 11(6): p. 315-7. 

289. Günseren, F., et al., A surveillance study of antimicrobial resistance of gram-negative bacteria isolated 
from intensive care units in eight hospitals in Turkey. Journal of Antimicrobial Chemotherapy, 1999. 
43(3): p. 373-378. 

290. Baraniak, A., et al., Evolution of TEM-type extended-spectrum β-lactamases in clinical Enterobacteriaceae 
strains in Poland. Antimicrobial agents and chemotherapy, 2005. 49(5): p. 1872-1880. 

291. Giamarellou, H., Multidrug resistance in Gram-negative bacteria that produce extended-spectrum β-
lactamases (ESBLs). Clinical Microbiology and Infection, 2005. 11, Supplement 4: p. 1-16. 

292. Nordmann, P., Global Spread of Carbapenemase-producing Enterobacteriaceae-Volume 17, Number 10—
October 2011-Emerging Infectious Disease journal-CDC. 2011. 

293. Freitas, F. and M. Alves. Worldwide prevalence and distribution of acquired AmpC-β-lactamases in 
Enterobacteriaceae lacking inducible AmpC. in X Congresso de Análises Clínicas e de Saúde Pública. 
2012. Sociedade Portuguesa de Bioanalistas Clínicos. 

294. Denisuik, A.J., et al., Molecular epidemiology of extended-spectrum β-lactamase-, AmpC β-lactamase-and 
carbapenemase-producing Escherichia coli and Klebsiella pneumoniae isolated from Canadian hospitals 
over a 5 year period: CANWARD 2007–11. Journal of Antimicrobial Chemotherapy, 2013. 68(suppl 1): p. 
i57-i65. 



94 

 

295. Control, C.f.D. and Prevention, Facility guidance for control of carbapenem-resistant Enterobacteriaceae 
(CRE). Update CRE Toolkit, 2015. 

296. Lewis, J.S., et al., First report of the emergence of CTX-M-type extended-spectrum beta-lactamases 
(ESBLs) as the predominant ESBL isolated in a U.S. health care system. Antimicrob Agents Chemother, 
2007. 51. 

297. Hirakata, Y., et al., Regional variation in the prevalence of extended-spectrum β-lactamase–producing 
clinical isolates in the Asia-Pacific region (SENTRY 1998–2002). Diagnostic microbiology and infectious 
disease, 2005. 52(4): p. 323-329. 

298. Sheng, W.-H., R.E. Badal, and P.-R. Hseuh, Distribution of Extended-spectrum β-lactamases (ESBLs), 
AmpC β-lactamases, and carbapenemases among Enterobacteriaceae isolates causing intra-abdominal 
infections in Asia-Pacific: the Study for Monitoring Antimicrobial Resistance Trends (SMART). 
Antimicrobial agents and chemotherapy, 2013: p. AAC. 00971-12. 

299. Kiratisin, P., et al., Molecular characterization and epidemiology of extended-spectrum-β-lactamase-
producing Escherichia coli and Klebsiella pneumoniae isolates causing health care-associated infection in 
Thailand, where the CTX-M family is endemic. Antimicrobial agents and chemotherapy, 2008. 52(8): p. 
2818-2824. 

300. Yu, Y., et al., Epidemiological and antibiotic resistant study on extended-spectrum beta-lactamase-
producing Escherichia coli and Klebsiella pneumoniae in Zhejiang Province. Chinese medical journal, 
2002. 115(10): p. 1479-1482. 

301. Du, J., et al., Phenotypic and molecular characterization of multidrug resistant Klebsiella pneumoniae 
isolated from a university teaching hospital, China. PloS one, 2014. 9(4): p. e95181. 

302. Doddaiah, V. and D. Anjaneya, Prevalence of ESBL, AmpC and carbapenemase among Gram negative 
bacilli isolated from clinical specimens. Am J Life Sci, 2014. 2(2): p. 76-81. 

303. Shahandeh, Z., F. Sadighian, and K.B. Rekabpou, Phenotypic study of Extended-spectrum beta-lactamase, 
AmpC and Carbapenemase among E. coli clinical isolates in affiliated hospitals of Babol University of 
Medical Sciences. International Journal of Health System and Disaster Management, 2015. 3(2): p. 74. 

304. Ibrahim, A.-S. and N. Youssef, Prevalence of CTX-M, TEM and SHV Beta-lactamases in Clinical Isolates 
of Escherichia Coli and Klebsiella Pneumoniae Isolated From Aleppo University Hospitals, Aleppo, Syria. 
Archives of Clinical Infectious Diseases, 2015. 10(2). 

305. Kandeel, A., Epidemiology of carbapenemase producing Enterobacteriaceae in a general hospital. 2015. 
306. Coque, T., F. Baquero, and R. Canton, Increasing prevalence of ESBL-producing Enterobacteriaceae in 

Europe. Euro surveill, 2008. 13(47): p. 1-11. 
307. Control, E.C.f.D.P.a., Antimicrobial resistance surveillance in Europe 2015. Annual Report of the 

European Antimicrobial Resistance Surveillance Network (EARS-Net). 
. 2015: Stockholm: . 
308. Leistner, R., et al., Regional distribution of nosocomial infections due to ESBL-positive 

Enterobacteriaceae in Germany: data from the German National Reference Center for the Surveillance of 
Nosocomial Infections (KISS). Clinical Microbiology and Infection, 2015. 21(3): p. 255. e1-255. e5. 

309. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 
187. 

310. Kola, A., et al., High prevalence of extended-spectrum-β-lactamase-producing Enterobacteriaceae in 
organic and conventional retail chicken meat, Germany. Journal of Antimicrobial Chemotherapy, 2012. 
67(11): p. 2631-2634. 

311. Odenthal, S., Ö. Akineden, and E. Usleber, Extended-spectrum β-lactamase producing Enterobacteriaceae 
in bulk tank milk from German dairy farms. International Journal of Food Microbiology, 2016. 238: p. 72-
78. 

312. Scapaticci, M., G. Fossen, and V. Ius, Epidemiology of extended spectrum β-lactamase, AmpC and class A 
carbapenemases-producing organisms isolated at San Camillo Hospital of Treviso (Italy) between April 
2012 and March 2014. Microbiologia Medica, 2016. 31(1). 

313. Önnberg, A., et al., Molecular and phenotypic characterization of Escherichia coli and Klebsiella 
pneumoniae producing extended‐spectrum β‐lactamases with focus on CTX‐M in a low‐endemic area in 
Sweden. Apmis, 2011. 119(4‐5): p. 287-295. 

314. Pfaller, M.A. and R.N. Jones, Antimicrobial susceptibility of inducible AmpC β-lactamase-producing 
Enterobacteriaceae from the Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) 
Programme, Europe 1997–2000. International Journal of Antimicrobial Agents, 2002. 19(5): p. 383-388. 

315. Storberg, V., ESBL-producing Enterobacteriaceae in Africa–a non-systematic literature review of 
research published 2008–2012. Infection ecology & epidemiology, 2014. 4. 



95 

 

316. Ehlers, M.M., et al., Detection of blaSHV, blaTEM and blaCTX-M antibiotic resistance genes in randomly 
selected bacterial pathogens from the Steve Biko Academic Hospital. FEMS Immunology & Medical 
Microbiology, 2009. 56(3): p. 191-196. 

317. Storberg, V., ESBL-producing Enterobacteriaceae in Africa-a non-systematic literature review of research 
published 2008-2012. Infection ecology & epidemiology, 2014. 4. 

318. Yusuf, I., et al., Detection of multi drug resistant bacteria in major hospitals in Kano, North-West, 
Nigeria. Brazilian Journal of Microbiology, 2014. 45(3): p. 791-798. 

319. Iabadene, H., et al., Prevalence of plasmid-mediated AmpC beta-lactamases among Enterobacteriaceae in 
Algiers hospitals. Int J Antimicrob Agents, 2009. 34(4): p. 340-2. 

320. Messai, Y., et al., Prevalence and characterization of extended-spectrum beta-lactamases in Klebsiella 
pneumoniae in Algiers hospitals (Algeria). Pathol Biol (Paris), 2008. 56(5): p. 319-25. 

321. Iabadene, H., et al., Dissemination of ESBL and Qnr determinants in Enterobacter cloacae in Algeria. J 
Antimicrob Chemother, 2008. 62(1): p. 133-6. 

322. Fam, N., et al., CTX-M-15-producing Escherichia coli clinical isolates in Cairo (Egypt), including isolates 
of clonal complex ST10 and clones ST131, ST73, and ST405 in both community and hospital settings. 
Microb Drug Resist, 2011. 17(1): p. 67-73. 

323. Poirel, L., et al., Emergence of NDM-1-producing Klebsiella pneumoniae in Morocco. J Antimicrob 
Chemother, 2011. 66(12): p. 2781-3. 

324. Girlich, D., et al., High rate of faecal carriage of extended‐spectrum β‐lactamase and OXA‐48 
carbapenemase‐producing Enterobacteriaceae at a University hospital in Morocco. Clinical Microbiology 
and Infection, 2014. 20(4): p. 350-354. 

325. Sonda, T., et al., Meta-analysis of proportion estimates of Extended-Spectrum-Beta-Lactamase-producing 
Enterobacteriaceae in East Africa hospitals. Antimicrobial Resistance & Infection Control, 2016. 5(1): p. 
18. 

326. Mushi, M.F., et al., Carbapenemase genes among multidrug resistant gram negative clinical isolates from 
a tertiary hospital in Mwanza, Tanzania. BioMed research international, 2014. 2014. 

327. Okoche, D., et al., Prevalence and characterization of carbapenem-resistant Enterobacteriaceae isolated 
from Mulago National Referral Hospital, Uganda. PloS one, 2015. 10(8): p. e0135745. 

328. Mulisa, G., et al., Prevalence of Extended Spectrum Beta-lactamase Producing Enterobacteriaceae: A 
Cross Sectional Study at Adama Hospital, Adama, Ethiopia. J Emerg Infect Dis, 2016. 1(102): p. 2. 

329. Siraj, S.M., S. Ali, and B. Wondafrash, Extended-spectrum-lactamase production and antimicrobial 
resistance in Klebsiella pneumoniae and Escherichia coli among inpatients and outpatients of Jimma 
University Specialized Hospital, South-West, Ethiopia. African Journal of Microbiology Research, 2014. 
8(43): p. 3687-3694. 

330. Seid, J. and D. Asrat, Occurrence of extended spectrum β-lactamase enzymes in clinical isolates of 
Klebsiella species from Harar region, eastern Ethiopia. Acta tropica, 2005. 95(2): p. 143-148. 

331. Mulualem, Y., et al., Occurrence of extended spectrum beta lactamases in multi-drug resistant Escherichia 
coli isolated from a clinical setting in Jimma University Specialized Hospital, Jimma, southwest Ethiopia. 
East Afr J Public Health, 2012. 9(2): p. 58-61. 

332. Legese, M.H., G.M. Weldearegay, and D. Asrat, Extended-spectrum beta-lactamase-and carbapenemase-
producing Enterobacteriaceae among Ethiopian children. Infection and Drug Resistance, 2017. 10: p. 27. 

333. Shiferaw, T., et al., Bacterial contamination, bacterial profile and antimicrobial susceptibility pattern of 
isolates from stethoscopes at Jimma University Specialized Hospital. Annals of clinical microbiology and 
antimicrobials, 2013. 12(1): p. 39. 

334. Dabsu, R., Y. Woldeamanuel, and D. Asrat, Otoscope and stethoscope: Vehicles for microbial 
colonization at Tikur Anbessa Specialized Referral Hospital, Addis Ababa, Ethiopia. The Ethiopian 
Journal of Health Development (EJHD), 2014. 28(1). 

335. Abera, B., M. Kibret, and W. Mulu, Extended-Spectrum beta (β)-Lactamases and Antibiogram in 
Enterobacteriaceae from Clinical and Drinking Water Sources from Bahir Dar City, Ethiopia. PloS one, 
2016. 11(11): p. e0166519. 

336. Desta, K., et al., High Gastrointestinal Colonization Rate with Extended-Spectrum β-Lactamase-Producing 
Enterobacteriaceae in Hospitalized Patients: Emergence of Carbapenemase-Producing K. pneumoniae in 
Ethiopia. PLoS One, 2016. 11(8): p. e0161685. 

337. Eshetie, S., et al., Multidrug resistant and carbapenemase producing Enterobacteriaceae among patients 
with urinary tract infection at referral Hospital, Northwest Ethiopia. Antimicrobial resistance and 
infection control, 2015. 4(1): p. 12. 

338. BETESEB, Y., DETECTION OF EXTENDED SPECTRUM _-LACTAMASE PRODUCING AND 
MULTIDRUG RESISTANT ESCHERICHIA COLI FROM PATIENTS AT TIKUR ANBASSA HOSPITAL, 
ADDIS ABABA, 2005, aau. 



96 

 

339. Kac, G., et al., Molecular epidemiology of extended-spectrum beta-lactamase-producing 
Enterobacteriaceae isolated from environmental and clinical specimens in a cardiac surgery intensive 
care unit. Infection Control & Hospital Epidemiology, 2004. 25(10): p. 852-855. 

340. Touati, A., et al., Enterobacter cloacae and Klebsiella pneumoniae isolates producing CTX-M-15 
recovered from hospital environmental surfaces from Algeria. Journal of Hospital Infection, 2008. 68(2): 
p. 183-185. 

341. George, E., et al., Incidence of extended spectrum beta lactamase producing Escherichia coli among 
patients, healthy individuals and in the environment. Indian journal of medical microbiology, 2014. 32(2): 
p. 172. 

342. Kramer, A., I. Schwebke, and G. Kampf, How long do nosocomial pathogens persist on inanimate 
surfaces? A systematic review. BMC infectious diseases, 2006. 6(1): p. 130. 

343. Huang, S.S., R. Datta, and R. Platt, Risk of acquiring antibiotic-resistant bacteria from prior room 
occupants. Archives of Internal Medicine, 2006. 166(18): p. 1945-1951. 

344. Guet-Revillet, H., et al., Environmental contamination with extended-spectrum β-lactamases: Is there any 
difference between Escherichia coli and Klebsiella spp? American Journal of Infection Control, 2012. 
40(9): p. 845-848. 

345. Fekety, R., et al., Epidemiology of antibiotic-associated colitis: isolation of Clostridium difficile from the 
hospital environment. The American journal of medicine, 1981. 70(4): p. 906-908. 

346. Weinstein, R.A. and B. Hota, Contamination, disinfection, and cross-colonization: are hospital surfaces 
reservoirs for nosocomial infection? Clinical infectious diseases, 2004. 39(8): p. 1182-1189. 

347. Muzslay, M., et al., ESBL-producing Gram-negative organisms in the healthcare environment as a source 
of genetic material for resistance in human infections. Journal of Hospital Infection, 2017. 95(1): p. 59-64. 

348. DEBABZA MANEL, M.A.A.C.H., PREVALENCE AND CHARACTERIZATION OF 
EXTENDEDSPECTRUM β-LACTAMASE- PRODUCING ENTEROBACTERIACEAE ISOLATED FROM 
HOSPITAL ENVIRONMENTS. Asian Jr. of Microbiol. Biotech. Env. Sc. , 2014. 16,( 1): p. 19-27. 

349. Weber, D.J. and W.A. Rutala, Understanding and preventing transmission of healthcare-associated 
pathogens due to the contaminated hospital environment. Infection Control & Hospital Epidemiology, 
2013. 34(05): p. 449-452. 

350. Livornese, L.L., Jr., et al., Hospital-acquired infection with vancomycin-resistant Enterococcus faecium 
transmitted by electronic thermometers. Ann Intern Med, 1992. 117(2): p. 112-6. 

351. Patterson, J.E., et al., Association of contaminated gloves with transmission of Acinetobacter calcoaceticus 
var. anitratus in an intensive care unit. Am J Med, 1991. 91(5): p. 479-83. 

352. Layton, M.C., et al., An outbreak of mupirocin-resistant Staphylococcus aureus on a dermatology ward 
associated with an environmental reservoir. Infect Control Hosp Epidemiol, 1993. 14(7): p. 369-75. 

353. Jones, J.S., D. Hoerle, and R. Riekse, Stethoscopes: a potential vector of infection? Ann Emerg Med, 
1995. 26(3): p. 296-9. 

354. Smith, M.A., et al., Contaminated stethoscopes revisited. Arch Intern Med, 1996. 156(1): p. 82-4. 
355. Marinella, M.A., C. Pierson, and C. Chenoweth, The stethoscope. A potential source of nosocomial 

infection? Arch Intern Med, 1997. 157(7): p. 786-90. 
356. Singh, G., et al., BACTERIAL CONTAMINATION OF STETHOSCOPES USED BY HEALTH CARE 

WORKERS IN A TERTIARY CARE HOSPITAL IN NAVI MUMBAI. 
357. O'Flaherty, N. and L. Fenelon, The stethoscope and healthcare-associated infection: a snake in the grass 

or innocent bystander? Journal of Hospital Infection, 2015. 91(1): p. 1-7. 
358. Uneke, C.J., et al., Bacteriological assessment of stethoscopes used by medical students in Nigeria: 

implications for nosocomial infection control. World Health Popul, 2008. 10(4): p. 53-61. 
359. Deribe, K., et al., The burden of neglected tropical diseases in Ethiopia, and opportunities for integrated 

control and elimination. Parasites & vectors, 2012. 5(1): p. 240. 
360. ICF., C.S.A.C.E.a., Ethiopia Demographic and Health Survey 2016: Key Indicators Report. Addis Ababa, 

Ethiopia, and Rockville, Maryland, USA. CSA and ICF., 2016. 
361. Pang, T. and G.E. Guindon, Globalization and risks to health. EMBO reports, 2004. 5(1S): p. S11-S16. 
362. Moges, F., et al., The growing challenges of antibacterial drug resistance in Ethiopia. Journal of Global 

Antimicrobial Resistance, 2014. 2(3): p. 148-154. 
363. Joshi, M. and M. Miralles, Antimicrobial Resistance Advocacy and Containment in Ethiopia: Report of 

Initial Activities in February–March 2006. 2006. 
364. Asrat, D., Shigella and Salmonella serogroups and their antibiotic susceptibility patterns in Ethiopia. 

2008. 
365. Huruy, K., et al., High level of antimicrobial resistance in Shigella species isolated from diarrhoeal 

patients in University of Gondar Teaching Hospital, Gondar, Ethiopia. Pharmacology Online, 2008. 2: p. 
328-340. 



97 

 

366. Zewdu, E. and P. Cornelius, Antimicrobial resistance pattern of Salmonella serotypes isolated from food 
items and personnel in Addis Ababa, Ethiopia. Tropical animal health and production, 2009. 41(2): p. 241. 

367. Ringertz, S., et al., Antibiotic susceptibility of Escherichia coli isolates from inpatients with urinary tract 
infections in hospitals in Addis Ababa and Stockholm. Bulletin of the World Health Organization, 1990. 
68(1): p. 61. 

368. Kibret, M. and B. Abera, Antimicrobial susceptibility patterns of E. coli from clinical sources in northeast 
Ethiopia. African health sciences, 2011. 11(3): p. 40-45. 

369. Beyene, G. and W. Tsegaye, Bacterial uropathogens in urinary tract infection and antibiotic susceptibility 
pattern in jimma university specialized hospital, southwest ethiopia. Ethiopian journal of health sciences, 
2011. 21(2): p. 141-146. 

370. Ewnetu, D. and A. Mihret, Prevalence and antimicrobial resistance of Campylobacter isolates from 
humans and chickens in Bahir Dar, Ethiopia. Foodborne pathogens and disease, 2010. 7(6): p. 667-670. 

371. Melaku, S., et al., Hospital acquired infections among surgical, gynaecology and obstetrics patients in 
Felege-Hiwot referral hospital, Bahir Dar, northwest Ethiopia. Ethiopian medical journal, 2012. 50(2): p. 
135-144. 

372. Vandepitte, J., et al., Basic laboratory procedures in clinical bacteriology. 2003: World Health 
Organization. 

373. Wieser, A., et al., MALDI-TOF MS in microbiological diagnostics—identification of microorganisms and 
beyond (mini review). Applied microbiology and biotechnology, 2012. 93(3): p. 965-974. 

374. Testing, E.C.o.A.S., EUCAST guidelines for detection of resistance mechanisms and specific resistances of 
clinical and/or epidemiological importance, in EUCAST, Basel, Switzerland: http://www. eucast. 
org/clinical_breakpoints2013. 

375. Woodford, N., et al., Multiplex PCR for genes encoding prevalent OXA carbapenemases in Acinetobacter 
spp. International journal of antimicrobial agents, 2006. 27(4): p. 351-353. 

376. Bartual, S.G., et al., Development of a multilocus sequence typing scheme for characterization of clinical 
isolates of Acinetobacter baumannii. Journal of clinical microbiology, 2005. 43(9): p. 4382-4390. 

377. Pritsch, M., et al., First report on bla NDM-1-producing Acinetobacter baumannii in three clinical isolates 
from Ethiopia. BMC Infectious Diseases, 2017. 17(1): p. 180. 

378. Magiorakos, A.P., et al., Multidrug‐resistant, extensively drug‐resistant and pandrug‐resistant bacteria: an 
international expert proposal for interim standard definitions for acquired resistance. Clinical 
microbiology and infection, 2012. 18(3): p. 268-281. 

379. Testing, E.C.o.A.S., Breakpoint tables for interpretation of MICs and zone diameters. Version 4.0, 2014. 
Växjö: EUCAST; 2014. 

380. Agwuh, K.N. and A. MacGowan, Pharmacokinetics and pharmacodynamics of the tetracyclines including 
glycylcyclines. Journal of Antimicrobial Chemotherapy, 2006. 58(2): p. 256-265. 

381. Revathi, G., et al., First report of NDM-1-producing Acinetobacter baumannii in East Africa. International 
Journal of Infectious Diseases, 2013. 17(12): p. e1255-e1258. 

382. Krahn, T., et al., Intraspecies transfer of the chromosomal acinetobacter baumannii blaNDM-1 
carbapenemase gene. Antimicrobial agents and chemotherapy, 2016. 60(5): p. 3032-3040. 

383. Poirel, L., et al., Tn125-related acquisition of blaNDM-like genes in Acinetobacter baumannii. 
Antimicrobial agents and chemotherapy, 2012. 56(2): p. 1087-1089. 

384. Wise, R., et al., Antimicrobial resistance is a major threat to public health. British Medical Journal, 1998. 
317(7159): p. 609-611. 

385. Zhang, R., et al., Antibiotic resistance as a global threat: evidence from China, Kuwait and the United 
States. Globalization and Health, 2006. 2(1): p. 6. 

386. Schito, G., E. Debbia, and A. Marchese, The evolving threat of antibiotic resistance in Europe: new data 
from the Alexander Project. Journal of Antimicrobial Chemotherapy, 2000. 46(suppl 3): p. 3-9. 

387. Piéboji, J.G., et al., Antimicrobial resistance of Gram-negative bacilli isolates from inpatients and 
outpatients at Yaounde Central Hospital, Cameroon. International journal of infectious diseases, 2004. 
8(3): p. 147-154. 

388. Gangoue-Pieboji, J., et al., Antimicrobial activity against gram negative bacilli from Yaounde Central 
Hospital, Cameroon. Afr Health Sci, 2006. 6(4): p. 232-5. 

389. Qadeer, A., et al., Antibiogram of Medical Intensive Care Unit at Tertiary Care Hospital Setting of 
Pakistan. Cureus, 2016. 8(9). 

390. Sankarankutty, J. and S. Kaup, Distribution and antibiogram of gram negative isolates from various 
clinical samples in a teaching hospital Tumkur. Scholar journal of applied medical sciences, 2014. 2(3A): 
p. 927-931. 



98 

 

391. Kader, A.A., A. Kumar, and S.M. Dass, Antimicrobial resistance patterns of gram-negative bacteria 
isolated from urine cultures at a general hospital. Saudi Journal of Kidney Diseases and Transplantation, 
2004. 15(2): p. 135. 

392. Mosavian, M. and D. Koraei, Molecular Detection of IMP Carbapenemase-Producing Gram-Negative 
Bacteria Isolated From Clinical Specimens in Ahvaz, Iran. Jentashapir Journal of Health Research, 
2016(InPress). 

393. Panta, K., et al., Antibiogram typing of gram negative isolates in different clinical samples of a tertiary 
hospital. Asian J of Pharmaeutical and Clinical Research, 2013. 6: p. 153-156. 

394. Mohammadi-Mehr, M. and M. Feizabadi, Antimicrobial resistance pattern of Gram-negative bacilli 
isolated from patients at ICUs of Army hospitals in Iran. Iranian journal of microbiology, 2011. 3(1): p. 
26-30. 

395. Zenebe, T., et al., Invasive bacterial pathogens and their antibiotic susceptibility patterns in Jimma 
University specialized hospital, Jimma, Southwest Ethiopia. Ethiopian journal of health sciences, 2011. 
21(1): p. 1-8. 

396. Biadglegne, F. and B. Abera, Antimicrobial resistance of bacterial isolates from urinary tract infections at 
Felge Hiwot Referral Hospital, Ethiopia. The Ethiopian Journal of Health Development (EJHD), 2016. 
23(3). 

397. Demilie, T., et al., Urinary bacterial profile and antibiotic susceptibility pattern among pregnant women in 
North West Ethiopia. Ethiopian journal of health sciences, 2012. 22(2). 

398. Rajan, M.R. and A.V.R. Rao, Antibiogram of Gram Negative Bacterial Isolates From Intensive Care Unit 
At A Tertiary Care Hospital. Indian Journal of Applied Research, 2016. 6(5). 

399. Azzab, M.M., et al., Multidrug-resistant bacteria among patients with ventilator-associated pneumonia in 
an emergency intensive care unit, Egypt/Bactéries multirésistantes parmi les patients atteints de 
pneumonie associée à la ventilation dans une unité de soins intensifs d'urgence, Égypte. Eastern 
Mediterranean Health Journal, 2016. 22(12): p. 894. 

400. Kucukates, E., Antimicrobial resistance among Gram-negative bacteria isolated from intensive care units 
in a Cardiology Institute in Istanbul, Turkey. Japanese journal of infectious diseases, 2005. 58(4): p. 228. 

401. Al Johani, S., et al., Prevalence of antimicrobial resistance among gram-negative isolates in an adult 
intensive care unit at a tertiary care center in Saudi Arabia. Annals of Saudi medicine, 2010. 30(5): p. 
364. 

402. Ahmad, S.S. and F.A. Ali, Detection of ESBL, AmpC and Metallo Beta-Lactamase mediated resistance in 
Gram-negative bacteria isolated from women with genital tract infection. European Scientific Journal, 
2014. 10(9). 

403. Asghar, A.H. and H.S. Faidah, Frequency and antimicrobial susceptibility of gram-negative bacteria 
isolated from 2 hospitals in Makkah, Saudi Arabia. Saudi medical journal, 2009. 30(8): p. 1017-1023. 

404. Maniyan, G., D. Vedachalam, and N. Chinnusamy, Characterization and antimicrobial susceptibility 
pattern of non-fermenting gram negative bacilli from various clinical samples in a tertiary care hospital. 
Surgery. 32: p. 29.09. 

405. Gokale, S.K. and S. Metgud, Characterization and antibiotic sensitivity pattern of nonfermenting gram 
negative bacilli from various clinical samples in a tertiary care hospital, Belgaum. Journal of 
Pharmaceutical and Biomedical Sciences©(JPBMS), 2012. 17(17). 

406. Kombade, S. and G.N. Agrawal, Study of multidrug resistant nonfermenting gram-negative bacilli in 
intensive care unit, Nagpur. Indian Journal of Microbiology Research, 2015. 2(2): p. 120-125. 

407. Sharma, D., et al., Non fermentative gram negative bacilli as nosocomial pathogens: Identification and 
antibiotic sensitivity in clinical samples of indoor patients. Nepal Journal of Medical Sciences, 2015. 3(2): 
p. 101-105. 

408. Oberoi, L., et al., ESBL, MBL and Ampc β lactamases producing superbugs-Havoc in the intensive care 
units of Punjab India. J Clin Diagn Res, 2013. 7(1): p. 70-3. 

409. Foad, M.F., Phenotypic Detection and Antimicrobial susceptibility Profile of ESBL, AmpC and 
Carbapenemase producing Gram-negative isolates from Outpatient clinic specimens. Int. J. Curr. 
Microbiol. App. Sci, 2016. 5(1): p. 740-752. 

410. Patel, B.V., et al., Bacteriological profile and antibiogram of gram negative organisms isolated from 
medical and neurology intensive care unit with special reference to multi-drug resistant organisms. 
National journal of medical research, 2012. 2(3): p. 335-338. 

411. Cantón, R., J.M. González-Alba, and J.C. Galán, CTX-M enzymes: origin and diffusion. Frontiers in 
microbiology, 2012. 3. 

412. D’Andrea, M.M., et al., CTX-M-type β-lactamases: a successful story of antibiotic resistance. International 
Journal of Medical Microbiology, 2013. 303(6): p. 305-317. 



99 

 

413. Center for Disease Dynamics, Economics & Policy. State of the World’s Antibiotics, 2015. CDDEP: , 
2015: Washington, D.C. 

414. Shimels, T., A.I. Bilal, and A. Mulugeta, Evaluation of Ceftriaxone utilization in internal medicine wards 
of general hospitals in Addis Ababa, Ethiopia: a comparative retrospective study. Journal of 
pharmaceutical policy and practice, 2015. 8(1): p. 1. 

415. Ayinalem, G.A., et al., Drug use evaluation of ceftriaxone in medical ward of Dessie Referral Hospital, 
North East Ethiopia. 2013. 

416. Seki, L.M., et al., Molecular epidemiology of CTX-M producing Enterobacteriaceae isolated from 
bloodstream infections in Rio de Janeiro, Brazil: emergence of CTX-M-15. The Brazilian Journal of 
Infectious Diseases, 2013. 17(6): p. 640-646. 

417. Schmiedel, J., et al., Multiresistant extended-spectrum β-lactamase-producing Enterobacteriaceae from 
humans, companion animals and horses in central Hesse, Germany. BMC microbiology, 2014. 14(1): p. 1. 

418. Lartigue, M.-F., et al., Extended-spectrum β-lactamases of the CTX-M type now in Switzerland. 
Antimicrobial agents and chemotherapy, 2007. 51(8): p. 2855-2860. 

419. Moses, A., et al., Prevalence and Genotypic Characterization of Extended-Spectrum Beta-Lactamases 
Produced by Gram Negative Bacilli at a Tertiary Care Hospital in Rural South Western Uganda. British 
microbiology research journal, 2014. 4(12): p. 1541. 

420. Ahmed, M.A.S., et al., Antimicrobial susceptibility and molecular epidemiology of extended-spectrum 
beta-lactamase-producing Enterobacteriaceae from intensive care units at Hamad Medical Corporation, 
Qatar. Antimicrobial resistance and infection control, 2016. 5(1): p. 1. 

421. Fernandes, R., et al., Molecular characterization of ESBL-producing Enterobacteriaceae in Northern 
Portugal. The Scientific World Journal, 2014. 2014. 

422. Singh, A., et al., Occurrence and molecular epidemiology of bla CTX-M, including co-occurrence of bla 
TEM and bla SHV genes, and sul1 association in Indian Enterobacteriaceae. International journal of 
antimicrobial agents, 2012. 39(2): p. 184-185. 

423. Xia, S., et al., Dominance of CTX-M-type extended-spectrum β-lactamase (ESBL)-producing Escherichia 
coli isolated from patients with community-onset and hospital-onset infection in China. PLoS One, 2014. 
9(7): p. e100707. 

424. Al-Agamy, M.H., et al., Molecular characteristics of extended-spectrum β-lactamase-producing 
Escherichia coli in Riyadh: emergence of CTX-M-15-producing E. coli ST131. Annals of clinical 
microbiology and antimicrobials, 2014. 13(1): p. 1. 

425. Al Naiemi, N., et al., Widely distributed and predominant CTX-M extended-spectrum β-lactamases in 
Amsterdam, The Netherlands. Journal of clinical microbiology, 2006. 44(8): p. 3012-3014. 

426. Noyal, M., et al., Simple screening tests for detection of carbapenemases in clinical isolates of 
nonfermentative Gram-negative bacteria. The Indian journal of medical research, 2009. 129(6): p. 707-
712. 

427. Minarini, L.A., et al., Predominance of CTX-M–type extended-spectrum β-lactamase genes among 
enterobacterial isolates from outpatients in Brazil. Diagnostic microbiology and infectious disease, 2009. 
65(2): p. 202-206. 

428. Woodford, N., et al., Community and hospital spread of Escherichia coli producing CTX-M extended-
spectrum β-lactamases in the UK. Journal of antimicrobial chemotherapy, 2004. 54(4): p. 735-743. 

429. Khan, E., et al., Emergence of CTX-M Group 1-ESBL producing Klebsiella pneumonia from a tertiary 
care centre in Karachi, Pakistan. The Journal of Infection in Developing Countries, 2010. 4(08): p. 472-
476. 

430. Shi, H., et al., Epidemiology of CTX-M-type extended-spectrum beta-lactamase (ESBL)-producing 
nosocomial-Escherichia coli infection in China. Annals of clinical microbiology and antimicrobials, 2015. 
14(1): p. 1. 

431. Shahid, M., et al., bla CTX-M, bla TEM, and bla SHV in Enterobacteriaceae from North-Indian tertiary 
hospital: high occurrence of combination genes. Asian Pacific journal of tropical medicine, 2011. 4(2): p. 
101-105. 

432. Bindayna, K., et al., Predominance of CTX-M genotype among extended spectrum beta lactamase isolates 
in a tertiary hospital in Saudi Arabia. Saudi medical journal, 2010. 31(8): p. 859-863. 

433. Hackman, H.K., et al., Antibiotic Resistance Profile of CTX-M-type Extended-Spectrum Beta-Lactamases 
in Escherichia coli and Klebsiella pneumoniae in Accra, Ghana. Journal of Natural Sciences Research, 
2014. 4(12). 

434. Sana, T., et al., Detection of genes TEM, OXA, SHV and CTX-M in 73 clinical isolates of Escherichia coli 
producers of extended spectrum Betalactamases and determination of their susceptibility to antibiotics. 
The International Arabic Journal of Antimicrobial Agents, 2011. 1(1). 



100 

 

435. Upadhyay, S., et al., Genetic Environment of Plasmid Mediated CTX-M-15 Extended Spectrum Beta-
Lactamases from Clinical and Food Borne Bacteria in North-Eastern India. PloS one, 2015. 10(9): p. 
e0138056. 

436. Shin, J. and K.S. Ko, Comparative study of genotype and virulence in CTX-M-producing and non-
extended-spectrum-β-lactamase-producing Klebsiella pneumoniae isolates. Antimicrobial agents and 
chemotherapy, 2014. 58(4): p. 2463-2467. 

437. Ensor, V., et al., Occurrence, prevalence and genetic environment of CTX-M β-lactamases in 
Enterobacteriaceae from Indian hospitals. Journal of Antimicrobial Chemotherapy, 2006. 58(6): p. 1260-
1263. 

438. Khanna, N., et al., Molecular epidemiology and antimicrobial resistance pattern of extended-spectrum-β-
lactamase-producing Enterobacteriaceae in Glasgow, Scotland. Journal of antimicrobial chemotherapy, 
2011: p. dkr523. 

439. Naas, T., et al., Evaluation of a DNA microarray, the Check-Points ESBL/KPC array, for rapid detection 
of TEM, SHV, and CTX-M extended-spectrum β-lactamases and KPC carbapenemases. Antimicrobial 
agents and chemotherapy, 2010. 54(8): p. 3086-3092. 

440. Endimiani, A., et al., Evaluation of a commercial microarray system for detection of SHV-, TEM-, CTX-M-
, and KPC-type β-lactamase genes in Gram-negative isolates. Journal of clinical microbiology, 2010. 
48(7): p. 2618-2622. 

441. Hanson, N.D., AmpC β-lactamases: what do we need to know for the future? Journal of Antimicrobial 
Chemotherapy, 2003. 52(1): p. 2-4. 

442. Yamasaki, K., et al., Laboratory surveillance for prospective plasmid-mediated AmpC beta-lactamases in 
the Kinki region of Japan. J Clin Microbiol, 2010. 48(9): p. 3267-73. 

443. Li, Y., et al., Prevalence of plasmid-mediated AmpC β-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-type AmpC β-lactamase resistance in China. Journal of clinical 
microbiology, 2008. 46(4): p. 1317-1321. 

444. Li, Y., et al., Prevalence of plasmid-mediated AmpC beta-lactamases in a Chinese university hospital from 
2003 to 2005: first report of CMY-2-Type AmpC beta-lactamase resistance in China. J Clin Microbiol, 
2008. 46(4): p. 1317-21. 

445. Khari, F.I.M., et al., Genotypic and Phenotypic Detection of AmpC β-lactamases in Enterobacter spp. 
Isolated from a Teaching Hospital in Malaysia. PloS one, 2016. 11(3): p. e0150643. 

446. Pérez-Llarena, F.J., et al., Genetic and kinetic characterization of the novel AmpC β-lactamases DHA-6 
and DHA-7. Antimicrobial agents and chemotherapy, 2014. 58(11): p. 6544-6549. 

447. Kiratisin, P. and A. Henprasert, Resistance phenotype-genotype correlation and molecular epidemiology of 
Citrobacter, Enterobacter, Proteus, Providencia, Salmonella and Serratia that carry extended-spectrum β-
lactamases with or without plasmid-mediated AmpC β-lactamase genes in Thailand. Transactions of the 
Royal Society of Tropical Medicine and Hygiene, 2011. 105(1): p. 46-51. 

448. Kao, C.-C., et al., Antimicrobial susceptibility and multiplex PCR screening of AmpC genes from isolates 
of Enterobacter cloacae, Citrobacter freundii, and Serratia marcescens. Journal of Microbiology, 
Immunology and Infection, 2010. 43(3): p. 180-187. 

449. Peymani, A., et al., Emergence of CMY-2-and DHA-1-type AmpC β-lactamases in Enterobacter cloacae 
isolated from several hospitals of Qazvin and Tehran, Iran. Iranian Journal of Microbiology, 2016. 8(3): p. 
168. 

450. Yilmaz, N., et al., Detection of plasmid-mediated AmpC β-lactamase in Escherichia coli and Klebsiella 
pneumoniae. Indian journal of medical microbiology, 2013. 31(1): p. 53. 

451. Manoharan, A., et al., Phenotypic & molecular characterization of AmpC β-lactamases among Escherichia 
coli, Klebsiella spp. & Enterobacter spp. from five Indian Medical Centers. Indian Journal of Medical 
Research, 2012. 135(3): p. 359. 

452. El-Hady, S.A. and L.A. Adel, Occurrence and detection of AmpC β-lactamases among Enterobacteriaceae 
isolates from patients at Ain Shams University Hospital. Egyptian Journal of Medical Human Genetics, 
2015. 16(3): p. 239-244. 

453. Struelens, M., et al., New Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae: emergence and 
response in Europe. Eurosurveillance, 2010. 

454. Karthikeyan, K., M. Thirunarayan, and P. Krishnan, Coexistence of blaOXA-23 with blaNDM-1 and armA 
in clinical isolates of Acinetobacter baumannii from India. Journal of antimicrobial chemotherapy, 2010. 
65(10): p. 2253-2254. 

455. Johnson, A.P. and N. Woodford, Global spread of antibiotic resistance: the example of New Delhi 
metallo-β-lactamase (NDM)-mediated carbapenem resistance. Journal of medical microbiology, 2013. 
62(4): p. 499-513. 



101 

 

456. Control, C.f.D. and Prevention, Detection of Enterobacteriaceae isolates carrying metallo-beta-lactamase-
United States, 2010. MMWR. Morbidity and mortality weekly report, 2010. 59(24): p. 750. 

457. Poirel, L., et al., Emergence of metallo-β-lactamase NDM-1-producing multidrug-resistant Escherichia 
coli in Australia. Antimicrobial agents and chemotherapy, 2010. 54(11): p. 4914-4916. 

458. Mulvey, M.R., New Delhi Metallo-β-Lactamase in Klebsiella pneumoniae and Escherichia coli, Canada-
Volume 17, Number 1—January 2011-Emerging Infectious Disease journal-CDC. 2011. 

459. Poirel, L., et al., Global spread of New Delhi metallo-β-lactamase 1. The Lancet infectious diseases, 2010. 
10(12): p. 832. 

460. Zarfel, G., et al., Emergence of New Delhi metallo-β-lactamase, Austria. Emerg Infect Dis, 2011. 17(1). 
461. Kaase, M., et al., Multicentre investigation of carbapenemase-producing Escherichia coli and Klebsiella 

pneumoniae in German hospitals. Int J Med Microbiol, 2016. 306(6): p. 415-20. 
462. Pfeifer, Y., et al., NDM-1-producing Escherichia coli in Germany. Antimicrobial agents and 

chemotherapy, 2011. 55(3): p. 1318-1319. 
463. Pfeifer, Y., et al., Clonal Transmission of Gram-Negative Bacteria with Carbapenemases NDM-1, VIM-1, 

and OXA-23/72 in a Bulgarian Hospital. Microb Drug Resist, 2016. 
464. Lowman, W., et al., NDM-1 has arrived: first report of a carbapenem resistance mechanism in South 

Africa. SAMJ: South African Medical Journal, 2011. 101(12): p. 873-875. 
465. Zafer, M.M., et al., First report of NDM-1-producing Pseudomonas aeruginosa in Egypt. International 

Journal of Infectious Diseases, 2014. 29: p. 80-81. 
466. Abdelaziz, M.O., et al., NDM-1-and OXA-163-producing Klebsiella pneumoniae isolates in Cairo, Egypt, 

2012. Journal of Global Antimicrobial Resistance, 2013. 1(4): p. 213-215. 
467. Poirel, L., et al. Emergence of metallo-βlactamase NDM-1 producing Klebsiella pneumoniae in Kenya. in 

50th Interscience Conference on Antimicrobial Agents and Chemotherapy; Boston. 2010. 
468. Poirel, L., et al., Detection of NDM-1-producing Klebsiella pneumoniae in Kenya. Antimicrobial agents 

and chemotherapy, 2011. 55(2): p. 934-936. 
469. Warnes, S.L., C.J. Highmore, and C.W. Keevil, Horizontal transfer of antibiotic resistance genes on 

abiotic touch surfaces: implications for public health. MBio, 2012. 3(6): p. e00489-12. 
470. Hawkey, P.M. and A.M. Jones, The changing epidemiology of resistance. Journal of Antimicrobial 

Chemotherapy, 2009. 64(suppl 1): p. i3-i10. 
471. Akers, K.S., et al., Aminoglycoside resistance and susceptibility testing errors in Acinetobacter 

baumannii-calcoaceticus complex. Journal of clinical microbiology, 2010. 48(4): p. 1132-1138. 
472. Holt, K.E., et al., Genome sequence of Acinetobacter baumannii strain A1, an early example of antibiotic-

resistant global clone 1. Genome announcements, 2015. 3(2): p. e00032-15. 
473. Wang, X., et al., Complete genome sequence of Acinetobacter baumannii ZW85-1. Genome 

announcements, 2014. 2(1): p. e01083-13. 
474. Farrugia, D.N., et al., The complete genome and phenome of a community-acquired Acinetobacter 

baumannii. PLoS One, 2013. 8(3): p. e58628. 
475. Huang, H., et al., Complete genome sequence of Acinetobacter baumannii MDR-TJ and insights into its 

mechanism of antibiotic resistance. Journal of antimicrobial chemotherapy, 2012. 67(12): p. 2825-2832. 
476. Zhu, L., et al., Complete genome analysis of three Acinetobacter baumannii clinical isolates in China for 

insight into the diversification of drug resistance elements. PLoS One, 2013. 8(6): p. e66584. 
477. Penwell, W.F., B.A. Arivett, and L.A. Actis, The Acinetobacter baumannii entA gene located outside the 

acinetobactin cluster is critical for siderophore production, iron acquisition and virulence. PloS one, 
2012. 7(5): p. e36493. 

478. Iacono, M., et al., Whole-genome pyrosequencing of an epidemic multidrug-resistant Acinetobacter 
baumannii strain belonging to the European clone II group. Antimicrobial agents and chemotherapy, 
2008. 52(7): p. 2616-2625. 

479. Balaji, V., et al., Genome sequences of two multidrug-resistant Acinetobacter baumannii clinical strains 
isolated from southern India. Genome announcements, 2015. 3(5): p. e01010-15. 

 
 
 
 
 
 
 



102 

 

8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 



80 

 

 

The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 



9 

 

Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 

 



71 

 

5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 

 

 

 



65 

 

A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 



32 

 

also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
 



54 

 

 

 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 

   



63 

 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 



29 

 

The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 



78 

 

studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 



25 

 

care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  



64 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 



29 

 

The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 



34 

 

found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 

 



71 

 

5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   



44 

 

3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 



46 

 

4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   



44 

 

3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 



10 

 

Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
 



62 

 

4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 



13 

 

87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 



25 

 

care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 



46 

 

4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 

 



49 

 

 

 

Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  



75 

 

The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 



12 

 

and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 



45 

 

3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 

 

 
 
 
 



103 

 

8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 

8.4 Acknowledgements 

First and foremost, I would like to thank my direct LMU – Supervisor, PD Dr. Andreas Wieser, 

for the patient guidance, encouragement and advice he has provided throughout my time as his 

student. I have been extremely lucky to have him as my supervisor who cared so much about my 

work, and who responded to my questions and queries so promptly. I would also like to thank 

my habilitated supervisor, Prof. Dr. Soeren Schubert, for his encouragement and enormous 

contributions to my PhD program allowing me to grow as a research scientist. I would like to 

express my special appreciation and thanks to my LMU – Supervisor, Dr. Michael Pritsch, for 

his tremendous support and insightful advice during my study. My sincere gratitude is reserved 

for Prof. Dr. Tefera belachew, my local supervisors, for his invaluable insights and suggestions. 

I really appreciate his willingness to meet me at short notice every time I need his advice and 

suggestions 

I wish to express my sincere appreciation and thanks to the CIH-LMU Center for International 

Health, Ludwig-Maximilians-Universität, Munich, Germany, and its funding agencies, the 

German Academic Exchange Service (DAAD), the DAAD-Exceed Program, and the German 

Ministry for Economic Cooperation and Development for their support during my PhD studies. 

Finally, I would like to thank Else Kröner Fresenius Stiftung (EKFS), for providing additional 

financial support which allowed me to undertake this research and get technical training related 

to my PhD study 



104 

 

I am also grateful to the patients, health workers and Jimma University for laboratory facility 

and support. Completing this work would have been all the more difficult were it not for the 

support and friendship provided by the staff members of the department of Bacteriology, Max 

von Pettenkofer-Institute (LMU). I am in debted particularly to Gabriele Liegl for her excellent 

technichal assistance and also to Dr. A-C Neumann for excellent support in figure generation.  

Last but not the least, I must express my gratitude to my family especially my wife, Siyam, for 

her continued support and encouragement and also to my children, Rayyan, Ayyub, Sidra and 

Simra who have been a constant source of strength and inspiration for me. 

 



105 

 

8.5 Affidavit 

 

Ahmed Zeynudin Kasim  

Name  

Jimma  

Street 

1204, Jimma  

Zip code, town 

Ethiopia 

Country 

 

 

 

I hereby declare, that the submitted thesis entitled 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
  

is the result of my own work. I have only used the sources indicated and have not made 

unauthorised use of services of a third party. Where the work of others has been quoted or 

reproduced, the source is always given.  

 

The submitted thesis or parts thereof have not been presented as part of an examination degree to 

any other university.  

 

I further declare, that the electronic version of the submitted thesis is congruent with the printed 

version both in content and format. 

 

 

Jimma, Ethiopia. 30,April, 2017    

Place, Date  Signature of PhD Candidate 

 



106 

 

 
Confirmation of congruency between printed and electronic version of             the 

doctoral thesis 
 

 
 

Kasim, Ahmed Zeynudin 

Surname, first name 

Jimma 

Street 

1204 

Zip code, town 

Ethiopia 

Country 

 
 
 

I hereby declare that the electronic version of the submitted thesis, entitled 
 
 
Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from clinical 
and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 
 
 
 
is congruent with the printed version both in content and format.  
 
 
 
 
 
 
 
 
 
 
 
 
30, April, 2017 
   

Place, date  Signature doctoral candidate 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

Out of the  

Departement of Bacteriology, Max Von Pettenkofer Institute (LMU), 81337, Munich, Germany 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 

 

Doctoral Thesis 

for the awarding of a Doctor of Philosophy (Ph.D.) 

at the Medical Faculty of 

Ludwig-Maximilians-Universität, Munich 

 

submitted by 

Ahmed Zeynudin Kasim  

born in 

Goma, Ethiopia  

submitted on 

 30 April, 2017  



Supervisors LMU: Title, first name, last name  

Habilitated Supervisor Prof. Dr. Sören Schubert 

Direct Supervisor PD Dr. Andreas Wieser   

3rd LMU Supervisor       Dr. Michael Pritsch 

 

Supervisor External:   

Local Supervisor  Prof. Dr. Tafera Belachew 

 

 

Reviewing Experts: 

1st Reviewer   PROF. DR. SÖREN SCHUBERT 

2nd Reviewer PD DR. ANDREAS WISER  

 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

 

Date of Oral Defense: 29 NOVEMBER 2017 



1 

 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 



37 

 

producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 



10 

 

Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 



28 

 

enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  



31 

 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 



12 

 

and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 



23 

 

The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 

 



49 

 

 

 

Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 



23 

 

The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 



78 

 

studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 



13 

 

87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 

 



82 

 

Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 



29 

 

The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 



35 

 

[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   



59 

 

 

Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 

   



63 

 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 



13 

 

87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 



53 

 

different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   



44 

 

3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 



45 

 

3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 



32 

 

also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 

 



71 

 

5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 



24 

 

producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 



37 

 

producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 



53 

 

different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 



22 

 

 

Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  



31 

 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 



28 

 

enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 



13 

 

87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 



24 

 

producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  



75 

 

The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 

 

 
 
 
 



103 

 

8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 

8.4 Acknowledgements 

First and foremost, I would like to thank my direct LMU – Supervisor, PD Dr. Andreas Wieser, 

for the patient guidance, encouragement and advice he has provided throughout my time as his 

student. I have been extremely lucky to have him as my supervisor who cared so much about my 

work, and who responded to my questions and queries so promptly. I would also like to thank 

my habilitated supervisor, Prof. Dr. Soeren Schubert, for his encouragement and enormous 

contributions to my PhD program allowing me to grow as a research scientist. I would like to 

express my special appreciation and thanks to my LMU – Supervisor, Dr. Michael Pritsch, for 

his tremendous support and insightful advice during my study. My sincere gratitude is reserved 

for Prof. Dr. Tefera belachew, my local supervisors, for his invaluable insights and suggestions. 

I really appreciate his willingness to meet me at short notice every time I need his advice and 

suggestions 

I wish to express my sincere appreciation and thanks to the CIH-LMU Center for International 

Health, Ludwig-Maximilians-Universität, Munich, Germany, and its funding agencies, the 

German Academic Exchange Service (DAAD), the DAAD-Exceed Program, and the German 

Ministry for Economic Cooperation and Development for their support during my PhD studies. 

Finally, I would like to thank Else Kröner Fresenius Stiftung (EKFS), for providing additional 

financial support which allowed me to undertake this research and get technical training related 

to my PhD study 



104 

 

I am also grateful to the patients, health workers and Jimma University for laboratory facility 

and support. Completing this work would have been all the more difficult were it not for the 

support and friendship provided by the staff members of the department of Bacteriology, Max 

von Pettenkofer-Institute (LMU). I am in debted particularly to Gabriele Liegl for her excellent 

technichal assistance and also to Dr. A-C Neumann for excellent support in figure generation.  

Last but not the least, I must express my gratitude to my family especially my wife, Siyam, for 

her continued support and encouragement and also to my children, Rayyan, Ayyub, Sidra and 

Simra who have been a constant source of strength and inspiration for me. 

 



105 

 

8.5 Affidavit 

 

Ahmed Zeynudin Kasim  

Name  

Jimma  

Street 

1204, Jimma  

Zip code, town 

Ethiopia 

Country 

 

 

 

I hereby declare, that the submitted thesis entitled 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
  

is the result of my own work. I have only used the sources indicated and have not made 

unauthorised use of services of a third party. Where the work of others has been quoted or 

reproduced, the source is always given.  

 

The submitted thesis or parts thereof have not been presented as part of an examination degree to 

any other university.  

 

I further declare, that the electronic version of the submitted thesis is congruent with the printed 

version both in content and format. 

 

 

Jimma, Ethiopia. 30,April, 2017    

Place, Date  Signature of PhD Candidate 

 



106 

 

 
Confirmation of congruency between printed and electronic version of             the 

doctoral thesis 
 

 
 

Kasim, Ahmed Zeynudin 

Surname, first name 

Jimma 

Street 

1204 

Zip code, town 

Ethiopia 

Country 

 
 
 

I hereby declare that the electronic version of the submitted thesis, entitled 
 
 
Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from clinical 
and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 
 
 
 
is congruent with the printed version both in content and format.  
 
 
 
 
 
 
 
 
 
 
 
 
30, April, 2017 
   

Place, date  Signature doctoral candidate 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

Out of the  

Departement of Bacteriology, Max Von Pettenkofer Institute (LMU), 81337, Munich, Germany 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 

 

Doctoral Thesis 

for the awarding of a Doctor of Philosophy (Ph.D.) 

at the Medical Faculty of 

Ludwig-Maximilians-Universität, Munich 

 

submitted by 

Ahmed Zeynudin Kasim  

born in 

Goma, Ethiopia  

submitted on 

 30 April, 2017  



Supervisors LMU: Title, first name, last name  

Habilitated Supervisor Prof. Dr. Sören Schubert 

Direct Supervisor PD Dr. Andreas Wieser   

3rd LMU Supervisor       Dr. Michael Pritsch 

 

Supervisor External:   

Local Supervisor  Prof. Dr. Tafera Belachew 

 

 

Reviewing Experts: 

1st Reviewer   PROF. DR. SÖREN SCHUBERT 

2nd Reviewer PD DR. ANDREAS WISER  

 

Dean: Prof. Dr. med. dent. Reinhard Hickel 

 

Date of Oral Defense: 29 NOVEMBER 2017 



1 

 

Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 



78 

 

studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
 



62 

 

4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 

 



68 

 

 

 

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 



36 

 

hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 



11 

 

M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 

 



50 

 

 

   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 

 

 

 

 

 

 

 

 



2 

 

Table of contents 

 
Abstract ...................................................................................................................................... 1 

Table of contents ........................................................................................................................ 2 

List of figures ............................................................................................................................. 4 

List of tables ............................................................................................................................... 5 

1 Introduction ........................................................................................................................... 7 

1.1 Importance of gram-negative bacteria .............................................................................. 7 

1.2 Relevance of antibiotics tested ........................................................................................ 13 

1.3 Mechanisms of antibiotic action ..................................................................................... 13 

1.4 Antibiotic resistance........................................................................................................ 18 

1.5 Causes of antibiotic resistance ........................................................................................ 20 

1.6 Mechanisms of antibiotic resistance ............................................................................... 20 

1.7 Mechanisms of resistance in gram-negative bacteria ..................................................... 21 

1.8 Resistance of concern ..................................................................................................... 23 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases ................................................. 31 

2 Rationale and objectives of the study .................................................................................. 39 

3 Research design, methods and procedures .......................................................................... 42 

3.1 Study setting and clinical specimens .............................................................................. 42 

3.2 Inclusion and exclusion criteria ...................................................................................... 42 

3.3 Bacteria isolation, identification and susceptibility testing ............................................ 42 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases ....................... 43 

3.5 Detection and molecular characterization of β-lactamase genes .................................... 44 

3.6 Quality Control ............................................................................................................... 45 

3.7 Statistical analysis ........................................................................................................... 45 

3.8 Ethical consideration ....................................................................................................... 45 

4 Result ................................................................................................................................... 46 

4.1 Socio-demographic characteristics ................................................................................. 46 

4.2 Type and distributions of the clinical samples ................................................................ 46 

4.3 Distribution of the total clinical GNB species ................................................................ 48 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates .............. 50 

4.5 Detection and molecular characterization of ESBLs ...................................................... 51 

4.6 Detection and molecular characterization of AmpC ß-lactamases ................................. 62 

4.7 Phenotypic detection and molecular characterization of carbapenemases ..................... 63 

1.9.1 Global ......................................................................................................................... 31 

1.9.2 In Africa ..................................................................................................................... 34 

1.9.3 In Ethiopia .................................................................................................................. 35 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment ............................ 37 

4.5.1 Screening of ESBLs producing GNB ......................................................................... 51 

4.5.2 Frequency of ESBLs phenotype ................................................................................. 52 

4.5.3 Frequency and distribution of ESBLs encoding genes .............................................. 52 

4.5.4 Frequency and distribution of blaCTX-M genes ........................................................ 53 

4.5.5 Combinations of CTX-M with other ß-lactamase genes ............................................ 55 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates ........................... 57 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics ............................. 60 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates ....... 60 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes .......................... 62 

4.6.2 Frequency and distribution of AmpCs encoding genes.............................................. 62 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates .................. 63 



3 

 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes .......................... 68 

5 Discussion ........................................................................................................................... 71 

5.1 General ............................................................................................................................ 71 

5.2 Frequency and molecular characterization of ESBLs ..................................................... 73 

5.3 Frequency and molecular characterization of AmpC ß-lactamases ................................ 78 

5.4 Frequency and molecular characterization of Carbapenameses ..................................... 80 

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates ....... 81 

6 Conclusion ........................................................................................................................... 82 

7 References: .......................................................................................................................... 84 

8 Annex ................................................................................................................................ 102 

8.1 Additional file 1: Table S1. Primers used for in silico MLST. ..................................... 102 

8.2 Additional file 2: Table S2. Strain information and accession numbers. ..................... 102 

8.3 Statement on pre-release and contribution .................................................................... 103 

8.4 Acknowledgements ....................................................................................................... 103 

8.5 Affidavit ........................................................................................................................ 105 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains ............................ 64 

4.7.2 Genetic traits and Acinetobacter baumannii phylogeny ............................................. 67 



4 

 

List of figures 

Figure 1.1: Mechanisms of resistance in gram-negative bacilli, and the antibiotics affected 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae 

Figure 4.1: Distribution of the age groups of the patients 

Figure 4.2: Distributions of the isolates in the different inpatient hospital units 

Figure 4.3: Distributions of the clinical samples by type of patient 

Figure 4.4: Percentage of the clinical gram-negative bacilli isolates (n=224) 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

Figure 4.6: Relative frequency of ESBLs genotype among total isolates positive for ESBLs 
encoding genes (n=71) 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs genes positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) and P. aeruginosa 
(n=3) 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive gram-
negative bacilli (n=68) 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 

Figure 4.10: Relative frequency of bla genes combinations among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 

Figure 4.11: Absolute frequency and distribution of bla genes combinations among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) 
and P. aeruginosa (n=3) 

Figure 4.12: Bar chart showing the susceptibility pattern of CTX-M-positive 
Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 

Figure 4.13: Bar chart showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against 
the 17 different antibiotics tested 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested. 

Figure 4.16:  Distribution of AmpCs genotypes among GNB isolates 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme.  

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from Ethiopia. 

Figure 4.19: Distributions of gram-negative bacilli isolates species isolated from stethoscope 



5 

 

List of tables  

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department 

Table 4.2: Distribution and frequency of gram-negative bacilli according to the patient type 

Table 4.3: Distribution of gram-negative bacilli species according to Hospital ward  

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 

Table 4.6: Frequency and distribution of CTX-M Geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpC genes positive gram-
negative bacilli isolates 

Table 4.10: Basic demographics and medical data of patients A-C 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 

Table 4.12: Bacterial profiles isolated from stethoscopes and prevalence of ESBLs and AmpCs 
in JUSH 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 
from stethoscopes in JUSH 



6 

 

Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  



7 

 

1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 



29 

 

The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  



31 

 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 



12 

 

and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
 

 

 



55 

 

 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
 



62 

 

4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
 



67 

 

To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 



45 

 

3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 
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This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 



8 

 

bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 

 

 

 

 



69 

 

 
Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 



24 

 

producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 



22 

 

 

Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 



22 

 

 

Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
 



54 

 

 

 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 



28 

 

enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 



11 

 

M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 



46 

 

4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  



61 

 

 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 

 



16 

 

Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 



79 

 

However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 



35 

 

[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 



37 

 

producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 



8 

 

bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   



44 

 

3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 

 

 

 

 



48 

 

0

10

20

30

40

50

60

70

80

90

100

P
e

rc
e

n
ta

g
e

 %

Type of clinical sample

INPATEINT

OUTPATIENT

 

Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 



14 

 

Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 



35 

 

[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 



56 

 

isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 

 



42 

 

3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
 



67 

 

To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 
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ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
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+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 



26 

 

CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 



28 

 

enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 



34 

 

found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  



41 

 

 

To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
 
 
 
 



57 

 

 

Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
 



62 

 

4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 



20 

 

no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 



26 

 

CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 

   



63 

 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 



60 

 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 



73 

 

5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 

 

 

 

 

 

 

 

 



2 

 

Table of contents 

 
Abstract ...................................................................................................................................... 1 

Table of contents ........................................................................................................................ 2 

List of figures ............................................................................................................................. 4 

List of tables ............................................................................................................................... 5 

1 Introduction ........................................................................................................................... 7 

1.1 Importance of gram-negative bacteria .............................................................................. 7 

1.2 Relevance of antibiotics tested ........................................................................................ 13 

1.3 Mechanisms of antibiotic action ..................................................................................... 13 

1.4 Antibiotic resistance........................................................................................................ 18 

1.5 Causes of antibiotic resistance ........................................................................................ 20 

1.6 Mechanisms of antibiotic resistance ............................................................................... 20 

1.7 Mechanisms of resistance in gram-negative bacteria ..................................................... 21 

1.8 Resistance of concern ..................................................................................................... 23 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases ................................................. 31 

2 Rationale and objectives of the study .................................................................................. 39 

3 Research design, methods and procedures .......................................................................... 42 

3.1 Study setting and clinical specimens .............................................................................. 42 

3.2 Inclusion and exclusion criteria ...................................................................................... 42 

3.3 Bacteria isolation, identification and susceptibility testing ............................................ 42 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases ....................... 43 

3.5 Detection and molecular characterization of β-lactamase genes .................................... 44 

3.6 Quality Control ............................................................................................................... 45 

3.7 Statistical analysis ........................................................................................................... 45 

3.8 Ethical consideration ....................................................................................................... 45 

4 Result ................................................................................................................................... 46 

4.1 Socio-demographic characteristics ................................................................................. 46 

4.2 Type and distributions of the clinical samples ................................................................ 46 

4.3 Distribution of the total clinical GNB species ................................................................ 48 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates .............. 50 

4.5 Detection and molecular characterization of ESBLs ...................................................... 51 

4.6 Detection and molecular characterization of AmpC ß-lactamases ................................. 62 

4.7 Phenotypic detection and molecular characterization of carbapenemases ..................... 63 

1.9.1 Global ......................................................................................................................... 31 

1.9.2 In Africa ..................................................................................................................... 34 

1.9.3 In Ethiopia .................................................................................................................. 35 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment ............................ 37 

4.5.1 Screening of ESBLs producing GNB ......................................................................... 51 

4.5.2 Frequency of ESBLs phenotype ................................................................................. 52 

4.5.3 Frequency and distribution of ESBLs encoding genes .............................................. 52 

4.5.4 Frequency and distribution of blaCTX-M genes ........................................................ 53 

4.5.5 Combinations of CTX-M with other ß-lactamase genes ............................................ 55 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates ........................... 57 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics ............................. 60 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates ....... 60 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes .......................... 62 

4.6.2 Frequency and distribution of AmpCs encoding genes.............................................. 62 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates .................. 63 



3 

 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes .......................... 68 

5 Discussion ........................................................................................................................... 71 

5.1 General ............................................................................................................................ 71 

5.2 Frequency and molecular characterization of ESBLs ..................................................... 73 

5.3 Frequency and molecular characterization of AmpC ß-lactamases ................................ 78 

5.4 Frequency and molecular characterization of Carbapenameses ..................................... 80 

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates ....... 81 

6 Conclusion ........................................................................................................................... 82 

7 References: .......................................................................................................................... 84 

8 Annex ................................................................................................................................ 102 

8.1 Additional file 1: Table S1. Primers used for in silico MLST. ..................................... 102 

8.2 Additional file 2: Table S2. Strain information and accession numbers. ..................... 102 

8.3 Statement on pre-release and contribution .................................................................... 103 

8.4 Acknowledgements ....................................................................................................... 103 

8.5 Affidavit ........................................................................................................................ 105 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains ............................ 64 

4.7.2 Genetic traits and Acinetobacter baumannii phylogeny ............................................. 67 



4 

 

List of figures 

Figure 1.1: Mechanisms of resistance in gram-negative bacilli, and the antibiotics affected 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae 

Figure 4.1: Distribution of the age groups of the patients 

Figure 4.2: Distributions of the isolates in the different inpatient hospital units 

Figure 4.3: Distributions of the clinical samples by type of patient 

Figure 4.4: Percentage of the clinical gram-negative bacilli isolates (n=224) 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

Figure 4.6: Relative frequency of ESBLs genotype among total isolates positive for ESBLs 
encoding genes (n=71) 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs genes positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) and P. aeruginosa 
(n=3) 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive gram-
negative bacilli (n=68) 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 

Figure 4.10: Relative frequency of bla genes combinations among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 

Figure 4.11: Absolute frequency and distribution of bla genes combinations among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) 
and P. aeruginosa (n=3) 

Figure 4.12: Bar chart showing the susceptibility pattern of CTX-M-positive 
Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 

Figure 4.13: Bar chart showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against 
the 17 different antibiotics tested 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested. 

Figure 4.16:  Distribution of AmpCs genotypes among GNB isolates 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme.  

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from Ethiopia. 

Figure 4.19: Distributions of gram-negative bacilli isolates species isolated from stethoscope 



5 

 

List of tables  

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department 

Table 4.2: Distribution and frequency of gram-negative bacilli according to the patient type 

Table 4.3: Distribution of gram-negative bacilli species according to Hospital ward  

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 

Table 4.6: Frequency and distribution of CTX-M Geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpC genes positive gram-
negative bacilli isolates 

Table 4.10: Basic demographics and medical data of patients A-C 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 

Table 4.12: Bacterial profiles isolated from stethoscopes and prevalence of ESBLs and AmpCs 
in JUSH 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 
from stethoscopes in JUSH 



6 

 

Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  



7 

 

1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 



52 

 

Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  



61 

 

 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 



17 

 

1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 



10 

 

Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 



26 

 

CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 



58 

 

carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 



77 

 

resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 

 



82 

 

Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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BLs                 Beta-lactamases 
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ICU  intensive care unit 
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RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  



30 

 

 

NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 



46 

 

4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 



72 

 

Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 

 

 

 

 

 

 

 

 



2 

 

Table of contents 

 
Abstract ...................................................................................................................................... 1 

Table of contents ........................................................................................................................ 2 

List of figures ............................................................................................................................. 4 

List of tables ............................................................................................................................... 5 

1 Introduction ........................................................................................................................... 7 

1.1 Importance of gram-negative bacteria .............................................................................. 7 

1.2 Relevance of antibiotics tested ........................................................................................ 13 

1.3 Mechanisms of antibiotic action ..................................................................................... 13 

1.4 Antibiotic resistance........................................................................................................ 18 

1.5 Causes of antibiotic resistance ........................................................................................ 20 

1.6 Mechanisms of antibiotic resistance ............................................................................... 20 

1.7 Mechanisms of resistance in gram-negative bacteria ..................................................... 21 

1.8 Resistance of concern ..................................................................................................... 23 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases ................................................. 31 

2 Rationale and objectives of the study .................................................................................. 39 

3 Research design, methods and procedures .......................................................................... 42 

3.1 Study setting and clinical specimens .............................................................................. 42 

3.2 Inclusion and exclusion criteria ...................................................................................... 42 

3.3 Bacteria isolation, identification and susceptibility testing ............................................ 42 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases ....................... 43 

3.5 Detection and molecular characterization of β-lactamase genes .................................... 44 

3.6 Quality Control ............................................................................................................... 45 

3.7 Statistical analysis ........................................................................................................... 45 

3.8 Ethical consideration ....................................................................................................... 45 

4 Result ................................................................................................................................... 46 

4.1 Socio-demographic characteristics ................................................................................. 46 

4.2 Type and distributions of the clinical samples ................................................................ 46 

4.3 Distribution of the total clinical GNB species ................................................................ 48 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates .............. 50 

4.5 Detection and molecular characterization of ESBLs ...................................................... 51 

4.6 Detection and molecular characterization of AmpC ß-lactamases ................................. 62 

4.7 Phenotypic detection and molecular characterization of carbapenemases ..................... 63 

1.9.1 Global ......................................................................................................................... 31 

1.9.2 In Africa ..................................................................................................................... 34 

1.9.3 In Ethiopia .................................................................................................................. 35 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment ............................ 37 

4.5.1 Screening of ESBLs producing GNB ......................................................................... 51 

4.5.2 Frequency of ESBLs phenotype ................................................................................. 52 

4.5.3 Frequency and distribution of ESBLs encoding genes .............................................. 52 

4.5.4 Frequency and distribution of blaCTX-M genes ........................................................ 53 

4.5.5 Combinations of CTX-M with other ß-lactamase genes ............................................ 55 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates ........................... 57 

4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics ............................. 60 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates ....... 60 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes .......................... 62 

4.6.2 Frequency and distribution of AmpCs encoding genes.............................................. 62 

4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates .................. 63 



3 

 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes .......................... 68 

5 Discussion ........................................................................................................................... 71 

5.1 General ............................................................................................................................ 71 

5.2 Frequency and molecular characterization of ESBLs ..................................................... 73 

5.3 Frequency and molecular characterization of AmpC ß-lactamases ................................ 78 

5.4 Frequency and molecular characterization of Carbapenameses ..................................... 80 

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates ....... 81 

6 Conclusion ........................................................................................................................... 82 

7 References: .......................................................................................................................... 84 

8 Annex ................................................................................................................................ 102 

8.1 Additional file 1: Table S1. Primers used for in silico MLST. ..................................... 102 

8.2 Additional file 2: Table S2. Strain information and accession numbers. ..................... 102 

8.3 Statement on pre-release and contribution .................................................................... 103 

8.4 Acknowledgements ....................................................................................................... 103 

8.5 Affidavit ........................................................................................................................ 105 

 

4.7.1 The patient’s characteristics of the three NDM-1-carrying strains ............................ 64 

4.7.2 Genetic traits and Acinetobacter baumannii phylogeny ............................................. 67 



4 

 

List of figures 

Figure 1.1: Mechanisms of resistance in gram-negative bacilli, and the antibiotics affected 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae 

Figure 4.1: Distribution of the age groups of the patients 

Figure 4.2: Distributions of the isolates in the different inpatient hospital units 

Figure 4.3: Distributions of the clinical samples by type of patient 

Figure 4.4: Percentage of the clinical gram-negative bacilli isolates (n=224) 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

Figure 4.6: Relative frequency of ESBLs genotype among total isolates positive for ESBLs 
encoding genes (n=71) 

Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs genes positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) and P. aeruginosa 
(n=3) 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive gram-
negative bacilli (n=68) 

Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 

Figure 4.10: Relative frequency of bla genes combinations among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 

Figure 4.11: Absolute frequency and distribution of bla genes combinations among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobacteriaceae (n=24) 
and P. aeruginosa (n=3) 

Figure 4.12: Bar chart showing the susceptibility pattern of CTX-M-positive 
Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 

Figure 4.13: Bar chart showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against 
the 17 different antibiotics tested 

Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested. 

Figure 4.16:  Distribution of AmpCs genotypes among GNB isolates 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme.  

Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from Ethiopia. 

Figure 4.19: Distributions of gram-negative bacilli isolates species isolated from stethoscope 



5 

 

List of tables  

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department 

Table 4.2: Distribution and frequency of gram-negative bacilli according to the patient type 

Table 4.3: Distribution of gram-negative bacilli species according to Hospital ward  

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 

Table 4.6: Frequency and distribution of CTX-M Geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpC genes positive gram-
negative bacilli isolates 

Table 4.10: Basic demographics and medical data of patients A-C 

Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 

Table 4.12: Bacterial profiles isolated from stethoscopes and prevalence of ESBLs and AmpCs 
in JUSH 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 
from stethoscopes in JUSH 



6 

 

Abbreviations and acronyms 

ESBLs  Extended-spectrum beta-lactamases 
BLs                 Beta-lactamases 
NDM   New Delhi metallo-beta-lactamases 
AmpCs  Ampicillinases C 
SHV   Sulfhydryl-variable extended-spectrum beta-lactamase gene 
TEM   Temoneira extended-spectrum betalactamase gene 
AMR     Antimicrobial resistance 
AST   Antimicrobial susceptibility testing 
CPE     Carbapenemase-producing Enterobacteriaceae 
MIC   Minimum inhibitory concentration 
OXA  Oxacillinase gene 
PBP   Penicillin-binding protein 
VIM   Verona integron-encoded metallo-beta-lactamases 
MBLs   Metallo beta lactamases 
CHDL  carbapenem-hydrolyzing class D ß-lactamases 
CRAB  carbapenem resistant Acinetobacter baumannii 
JUSH  Jimma University Specialized Hospital 
MLST  multi locus sequence typing 
SNP  single nucleotide polymorphism 
ST  sequence types 
AAC  aminoglycoside acetyltransferase 
AME  aminoglycoside-modifying enzyme 
ANT  aminoglycoside nucleotidyltransferase 
APH  aminoglycoside phosphotransferase 
CRE  carbapenem-resistant Enterobacteriaceae 
BLBLI  beta-lactam/beta-lactamase inhibitor 
1GC  first-generation cephalosporin 
2GC  second-generation cephalosporin 
3GC  third-generation cephalosporin 
GNB  gram-negative bacilli 
ICU  intensive care unit 
MGE  mobile genetic element 
LPS  lipopolysaccharide 
RNA  ribonucleic acid 
UTI  urinary tract infection 
VAP  ventilator-associated pneumonia  

MYSTIC  (Meropenem Yearly Susceptibility Test Information Collection)  
GES           Guiana extended spectrum 
KPC         Klebsiella pneumoniae carbapenemase 
Spp.          Species(pl.)  



7 

 

1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 



43 

 

[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 



22 

 

 

Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 



35 

 

[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 

 



47 

 

 

Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 



19 

 

$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 



27 

 

The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  

 



38 

 

A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 



77 

 

resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  

 



81 

 

In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 



15 

 

final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 



33 

 

isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 

 



71 

 

5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 
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M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 
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These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  
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Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 
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The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  
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1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 
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different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 



40 

 

microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 
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imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 

 

 

 

 

 

 

 



70 

 

Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  

 



74 

 

Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 



83 

 

harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 
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Genotypic and Phenotypic Resistance Traits of Gram-Negative Bacteria isolated from 
clinical and environmental sample, Jimma University Hospital, Jimma Zone, Ethiopia 
 

Abstract 

Introduction: Antibiotic resistances due to extended-spectrum β-lactamases (ESBLs), AmpCs and 

carbapenemases have become a major health concern globally and also in Ethiopia. Data on the frequency and 

molecular characterization of this β-lactamases is scarce or non-existant in Ethiopia. The aim of this study was, 

therefore, to determine the frequency, susceptibility patterns and molecular characteristics of ESBLs, AmpC and 

carbapenemases in clinical and environmental isolates of gram-negative bacilli (GNB) in Jimma university 

specialized hospital (JUSH), in southwest Ethiopia. 

Materials and Methods: 224 non-duplicate and pure isolates obtained from clinically apparent infections and 

29 isolates recovered from stethoscopes were included in the study. Identification of the isolates was performed 

by MALDI-TOF mass spectrometry. Susceptibility testing and phenotypic detection of ESBLs, AmpCs and 

carbapenemases was performed using Vitek 2 Compact System and MASTDISCSTM AmpC/ESBL Detection set 

and analyzed using EUCAST breakpoints. Genotypic analysis was performed using Check-MDR CT103 

Microarrays. 

Results: Of the total clinical isolates (n=224), 112 were screen positive for ESBLs. Of these  63.4% (71/112) 

tested positive for ESBLs encoding genes by Check-MDR array, which corresponds to 91.8% (67/73) of the 

total Enterobacteriaceae and 10.3% (4/39) of lactose  nonfermenting gram-negative bacilli. Among the total 

ESBLs genes positive isolates, 95.8% (68/71) carried blaCTX-M genes with CTX-M group 1 being the 

predominant CTX-M Geno-group (97.1%). Among the 122 with positive phenotypic screening test for AmpC 

beta-lactamases, 23% (n=28) were found positive for AmpC genes. A total of 30 AmpC genes were detected, of 

which, ACT/MIR were the most common AmpC gene (n=16) followed by DHA (n=12), and one each 

belonging to CMY and FOX. Among the carbapenem resistant or intermediate isolates (n=12), three clinical 

isolates of Acinetobacter baumannii were found NDM-1 positive. Of the 51 stethoscopes surveyed, 54.9% 

(n=28) were found to be contaminated with gram-negative bacilli. 55.2%, and 17.2% of these isolates (n=29) 

were found positive for ESBLs and AmpC genes, respectively. 
Conclusions: This study demonstrates a remarkably high prevalence of blaCTX-M genes and revealed the 

presence of NDM-1 for the first time in Ethiopia. The high level of resistance to β-lactam and non-β-lactam 

antibiotics and the detection of NDM-1 are alarming and emphasize the need for implementation of strict 

infection control measures and judicious use of antibiotics in the local setting as well as in the whole region.   

Keywords: gram-negative bacilli, extended-spectrum beta-lactamases, AmpCs, NDM-1, CTX-M, antimicrobial 

susceptibility, Ethiopia 
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1 . Introduction 

1.1 . Importance of gram-negative bacteria 

Gram-negative bacilli include a wide range of medically important species known to cause 

serious human infections particularly in the health care setting [1, 2]. Currently, it becomes 

an important and common cause of hospital-acquired (nosocomial) infections and the 

dominant causes of death in intensive care units (ICUs) both in industrialized as well as 

developing countries. For example, in the United States (US), about 34% of health care 

acquired infections are associated with gram-negative bacteria [3]. Gram-negative bacilli 

were found to be associated with 23.8% of bloodstream infections (BSI), 65.2% of 

pneumonia cases, 33.8% of surgical site infections (SSI) as well as 71.1% of urinary tract 

infections (UTIs) in the intensive care units (ICU) according to the 2003 National 

Nosocomial Infections Surveillance in selected hospitals in the United States [4]. Other 

studies in Italy also present data indicating that about 65.2 % of ICU-acquired infections were 

due to gram-negative bacteria [5]. 

 

Infections caused by gram-negative bacteria are of special concern, primarily due to their 

strong pathogenic potential and diverse drug resistance mechanisms owing to the 

characteristic of double membrane surrounding each bacterial cell and their genetic plasticity 

[6-8]. These bacteria have efficient capabilities to accumulate resistance traits and pass it 

horizontally to other bacteria, which allow them to become drug-resistant as well [7, 9]. 

These traits, unifying virulence as well as protection from various antibiotics pose a major 

challenge in the fight against gram-negative bacteria. Apart from the peculiar genetic traits of 

these bacteria, other pharmacological and societal factors plays a significant role for the 

emergence and spread of bacterial pathogen that are resistant to antimicrobials [10]. 

 

Gram-negative bacteria (GNB) are commonly found in soil, water, and in the gastro-intestinal 

tract of humans as well as animals and spread to humans mainly through food and water 

contamination and also through infected insect bites or handling an infected animals [11, 12]. 

GNB can colonize mucosal and skin surfaces, especially in patients in long-term-care 

facilities and prolonged hospitalization [13]. The most common diseases caused by gram-

negative bacteria include respiratory tract infections, urinary tract infections, sexually 

transmitted diseases, gastrointestinal infections and generalized sepsis [9, 14]. Some of the 
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bacteria have a big pathogenic potential and cause a variety of serious infections in humans 

which can involve virtually any organ of the body [9]. The family Enterobacteriaceae and 

lactose non-fermenters constitute most of the clinically important members of gram-negative 

bacteria [15, 16]. 

1.1.1. Enterobacteriaceae  

The family Enterobacteriaceae are the most important members of the gram-negative 

bacteria, which includes Escherichia, Klebsiella, Shigella, Salmonella, Proteus, 

Enterobacter, Yersinia, Serratia, Citrobacter, Morganella and Providencia etc. Other notable 

genus of gram-negative bacteria such as Vibrio, Campylobacter, Pseudomonas, Helicobacter, 

Acinetobacter, Neisseria, Haemophilus, Bordetella and Bacteroides are also described to 

cause serious human infections. [17, 18].  Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter spp. have increasingly emerged as troublesome 

pathogens particularly in the health care setting. [19-21]. 

Escherichia coli 

Escherichia coli are gram-negative rods which are commonly found in the gut of humans and 

animals [22, 23]. Most strains of E. coli are harmless commensals of the colon and may 

constitute a big proportion of the facultative fecal flora of healthy individuals. Some strains 

however, may cause extraintestinal and intestinal infections in healthy as well as 

immunocompromised individuals [24, 25].  Urinary tract infections are the most common 

extraintestinal E. coli infections caused by pathogenic clones of E. coli [26, 27]. For example, 

in the United States, E. coli is responsible for more than 90% of the 7 million cases of cystitis 

and 250,000 of pyelonephritis every year [28]. Other common extraintestinal E. coli 

infections include bacteraemia, meningitis, and pneumoniae [24, 29, 30].  

 

Diarrhoea-causing E. coli are rarely encountered in the fecal flora of healthy individuals and 

whenever ingested in adequate quantities, either through contaminated food or water, causes 

diarrhoea which varies depending on the pathogenic mechanism E. coli strains that are able to 

cause intestinal disease [25]. At least six distinct "pathotypes" of intestinal pathogenic E. coli 

have been identified: enterotoxigenic E. coli (ETEC), Shiga toxin-producing E. coli 

(STEC)/enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), enteroinvasive 

E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC) [13, 

25, 27, 31] 
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Each group causes disease by a different mechanism resulting in clinically different 

syndromes such as traveler's diarrhea (enterotoxigenic E. coli), hemorrhagic colitis and 

hemolytic-uremic syndrome (enterohemorrhagic E. coli), persistent diarrhea 

(enteroaggregative E. coli), dysentery with blood and pus (enteroinvasive) and watery 

diarrhea (Enterotoxigenic /enteropathogenic E. coli). [25, 29, 32]. Because of the Shiga toxin 

production, the enterohemorrhagic E. coli can cause life-threatening manifestations outside 

the gastrointestinal tract. Faecal–oral or through contaminated food and water is main 

transmission route for diarrhoea-causing E. coli [33, 34]. 

Klebsiella pneumoniae 

Klebsiella pneumoniae is considered to be an opportunistic human pathogen commonly 

causing a significant proportion of hospital-acquired infections such as pneumonia, 

bloodstream infections, wound or surgical site infections and meningitis, particularly among 

patients who are receiving treatment for other conditions or in individuals compromised by 

alcoholism, diabetes, or chronic obstructive pulmonary disease [32, 35]. Patients who require 

devices like ventilators (breathing machines) or intravenous (vein) catheters, and those who 

are taking long courses of certain antibiotics are at higher risk for Klebsiella infections [36]. 

The primary reservoirs for transmission of Klebsiella are the gastrointestinal tract and the 

contaminated hands of hospital workers. Medical devices such as urinary catheters is also 

found to be a major site of K. pneumoniae infections [35, 37].  

 

Klebsiella are increasingly developing resistance to several classes of antibiotics leading to 

treatment failure which result in significant morbidity and mortality [38]. In the hospital 

setting, most of the nosocomial Klebsiella infections are now caused by antibiotic resistant 

strains, including strains that produce extended-spectrum b-lactamases and carbapenemases 

[38-40]. Moreover, Klebsiella strains have the ability to spread extensively among patients 

and in the hospital environment and can cause serious nosocomial infections outbreaks [41]. 

Klebsiella, besides its importance as a nosocomial pathogens, can also cause community-

acquired bacterial pneumonia [35, 42].  

Proteus spp. 

Proteus species belong to the Enterobacteriaceae family of gram-negative bacilli [43]. 

Currently, the genus Proteus consists of five species: P. mirabilis, P. vulgaris, P. penneri, P. 

hauseri and P. myxofaciens [44]. Proteus mirabilis is the most common species of the Genus 
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Proteus and frequently implicated as causes of urinary tract infections including cystitis and 

pyelonephritis particularly in patients undergoing long-term catheterization which facilitate 

the entrance the pathogen into the urinary tract [45]. Proteus mirabilis can sometimes cause 

infections such as bacteraemia and hospital acquired wound infections [45-47]. Proteus 

mirabilis is part of the normal flora of the human gastrointestinal tract but can also found in 

multiple environmental habitats such as water, soil and as contaminant of hospitals and long-

term healthcare facilities [29, 48].  

Providencia, Morganella, Citrobacter, Enterobacter and Serratia 

Enterobacteriaceae belonging to these genera are opportunistic bacteria found in the normal 

intestinal flora or the environment [29, 49]. Many of these micro-organisms, although 

previously known only as commensal bacteria or environmental isolates, are now known to 

cause serious disease primarily in immunocompromised patients [50]. Several members of 

these genera can cause opportunistic infections such as septicemia, pneumonia, meningitis 

and infections of the genito-urinary tract, particularly in hospitalized patients [43, 51, 52]. 

They produce chromosomal inducible beta-lactamases and have a great potential to become 

resistant during treatment with beta-lactam antibiotics [52]. 

Providencia spp. 

Providencia stuartii is the most common Providencia species capable of causing human 

infections. It is an opportunistic pathogen implicated as a common cause of antibiotic-

resistant urinary tract infection in hospitalized patients with long-term indwelling catheters. 

In these patients, P. stuartii was reported to be found as frequently as Escherichia coli, 

Proteus mirabilis, Enterococcus, and Pseudomonas aeruginosa [53]. In addition, Life 

threatening peritonitis due to P. stuartii was also reported[54]. On the other hand, infections 

caused by ESBL-producing multidrug-resistant P. stuartii is on the rise and represent an 

emerging problem.[55] 

Morganella spp. 

Morganella morganii is a facultative gram-negative pathogen commonly found in the 

environment and in the intestinal tracts of humans and animals [50]. Morganella morganii 

becomes an increasingly important opportunistic pathogen that mostly causes post-operative 

wound and urinary tract infections. Moreover, M. morganii can cause various infections, such 

as sepsis, abscess, chorioamnionitis, cellulitis and other diseases [50, 56]. Bacteremia due to 



11 

 

M. morganii commonly occurred secondary to urinary tract or hepatobiliary tract infection, 

and was associated with a high mortality rate, especially for those not receiving appropriate 

antibiotic therapy. [57]. M. morganii was also reported causing sepsis associated with 

massive hemolysis in a neutropenic patient who underwent chemotherapy [58]. M. morganii 

has an inducible beta-lactamase and is resistant to multiple antibiotics.  Certain clinical 

isolates also carry various resistant genes such as blaNDM-1, and qnrD1 posing a serious 

challenge for clinical infection control [50]. 

Citrobacter spp. 

Citrobacter species are part of the normal fecal flora of humans and also commonly 

distributed in soil, water, food and the intestinal tract of animals [59].  Citrobacter spp. 

unusually can cause serious nosocomial infections such as sepsis, respiratory tract infections 

and urinary tract infections, especially in high-risk groups such as infants and 

immunocompromised adults [13, 52]. Citrobacter species demonstrate multiple antibiotic 

resistances encoded by a diverse array of genetic mechanisms and could possibly accumulate 

resistance determinants and the means of gene capture and dissemination such as integrons, 

transposons, and plasmids for transfer of resistance genes to more virulent organisms [60].  

Enterobacter spp. 

Enterobacter species appear to be less virulent and rarely cause primary disease in humans. 

However, in the past decades, they are increasingly recognized as important nosocomial 

pathogens, frequently causing infections among hospitalized patients, especially those 

receiving prolonged antibiotic treatment, indwelling catheters, and with invasive procedures 

[61, 62]. Enterobacter commonly infects wounds as well as the respiratory- and urinary tract 

[29, 32]. Enterobacter species are found in soil and water but E. cloacae and E. aerogenes 

can be found with lower frequency in the intestinal flora of human and other animals [63, 64]. 

The increasing prevalence of antibiotic resistance in Enterobacter species contributed to 

increased mortality, prolonged hospital stay and associated hospital costs [65, 66] . 

Serratia spp. 

Serratia species are opportunistic gram-negative rods which can cause nosocomial infections 

in the hospital [67, 68]. Serratia marcescens is the most common species which causes 

human infection [69]. It can cause urinary tract infection, pneumonia, bacteraemia and wound 

infections especially among hospitalized patients [70, 71]. Serratia are mainly found in water 
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and soil but can sometimes also be found in the human intestinal tract [32, 48]. Person to 

person is the major mode of transmission but different medical devices, intravenous fluids, 

and other solutions have often been associated with spread of the organism as well [72, 73].  

The treatment of infections caused by S. marcescens are very difficult, primarily due to their 

natural resistance profile to most antibiotics including ampicillin and cephalothin as well as 

aminoglycosides [29, 74] 

1.1.2. Non-fermenting gram-negative bacilli 

Acinetobacter baumannii 

Acinetobacter species are increasingly recognized as important and highly troublesome 

nosocomial bacteria, particularly because of their enormous ability to acquire antibiotic 

resistance and characteristic and their environmental resilience [75-77]. They can cause a 

wide range of health care associated infection such as bacteremia, pneumonia, meningitis, 

urinary tract infections, and soft tissue infections [78]. Community-acquired Acinetobacter 

infections have also been reported [79]. In the past decades, nosocomial Acinetobacter 

infections has been given due scientific consideration because of its characteristic to 

accumulate resistance determinants that can eventually lead to pan-drug resistance [75, 80].  

 

Acinetobacter species are widely distributed in nature and commonly isolated from soil and 

water [81]. They are also part of the normal human microflora and isolated from skin, throat 

and various secretions of healthy people [82]. In the health care setting, they have been 

isolated from the hospital environment and from the skin of health care workers [83].  Risk 

factors for Acinetobacter colonization or infections include prolonged hospital stay, use of 

mechanical ventilation in very ill patients, or use of invasive devices such as urinary 

catheters, major surgery and burns [83, 84].  Acinetobacter survive for prolonged periods on 

dry surfaces and on intact human skin and can be spread to susceptible subjects by person-to-

person contact or contact with contaminated surfaces [76, 80, 85]. 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is also an important nosocomial gram-negative pathogen which 

causes infections particularly among immunocompromised patients [86]. The primary habitat 

of P. aeruginosa is the environment including water, soil, and various types of vegetation 

throughout the world [29]. P. aeruginosa is a common nosocomial pathogen in the hospital 

environment responsible for up 8.5% to 20% of all nosocomial infections in the hospital [86, 
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87]. It can cause a wide range of human infections such as wound, urinary tract, skin, eye, ear 

and respiratory tract infections and significantly complicates the management of patients with 

cystic fibrosis or burn wounds [29, 88, 89]. 

 

Pseudomonas aeruginosa is uniquely problematic because of its inherent resistance and 

ability to acquire resistance determinants to many drug classes [89, 90]. In the past decades, 

trends of increasing antimicrobial resistance to many antibiotics, including carbapenems has 

been observed among nosocomial P. aeruginosa [91]. P. aeruginosa strains are regularly 

resistant to penicillin, ampicillin, cephalothin, tetracycline, chloramphenicol, sulfonamides, 

and the earlier aminoglycosides (streptomycin, kanamycin), mainly due to the composition of 

their outer membrane porins and other intrinsic resistance mechanisms, that limit their entry 

to the periplasmic space [29, 88]. A small number of P. aeruginosa isolates became resistant 

to all common as well as last resort antibiotics [90, 91]. Given the emergence of integrons 

which carry gene cassettes that encode for both, carbapenemases and amikacin 

acetyltransferases, the problem of MDR P. aeruginosa will likely rise further in the coming 

future [90]. 

1.2 . Relevance of antibiotics tested 

Antibiotics can be seen one of the most important discoveries in the history of medicine [92-

95]. More specifically, the discovery of penicillin was which heralded the ‘Golden Age of 

Antibiotics’ historically significant as it brought about a medical revolution [95, 96]. The 

subsequent development and wide scale production of penicillin and other new classes of 

antibiotics in general transformed modern medicine in many aspects [97-99]. Antibiotics 

have saved many millions lives and significantly contributed to the control and prevention of 

infectious diseases such as pneumonia, tuberculosis (TB), meningitis, whooping cough, and 

diphtheria [98, 100, 101]. They have also made modern medical procedures possible such as 

solid organ transplantation or chemotherapy. Such procedures heavily rely on the possibility 

to treat infections in the patient being immune-suppressed [102-104]  

1.3 . Mechanisms of antibiotic action 

Antibiotics generally function by selectively inhibiting the essential life sustaining processes 

in the bacteria cell without harming the cells of its human host [105, 106]. It functions by 

either killing (bactericidal) or inhibiting the growth of bacteria (bacteriostatic) [107]. 
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Currently, there is a broad range and different classes of antibiotics, each with its own 

mechanisms of action and usage [108, 109]. Depending on their effect on the bacteria, 

antibiotics are classified as: cell wall synthesis inhibitors, protein synthesis inhibitors, nucleic 

acid synthesis inhibitors, inhibitors of cell membrane function and inhibitors of other 

metabolic processes [110, 111] 

1.3.1. Cell wall synthesis inhibitors 

The cell wall is an important target for antibiotics as it is found in bacteria but not in 

mammals [112, 113]. The bacterial cell wall, containing peptidoglycan is a unique and basic 

structure of virtually all bacteria, which plays an important role in the bacterial lifecycle. It 

performs multiple functions but, the primary function is maintenance of cell shape and 

protection against osmotic pressure [114]. Inhibition of cell wall biosynthesis, therefore, has 

bactericidal consequences [115-117]. Antibiotics that inhibit cell wall synthesis prevent the 

bacterial growth by blocking peptidoglycan synthesis which is the main component of the 

bacterial cell wall. These antibiotics are only active against growing bacteria and the cell wall 

of new bacteria deprived of peptidoglycan will be exposed to osmotic lysis which eventually 

leads to cell death [107, 118]. Antibiotics that inhibit the synthesis of the bacterial cell wall 

include beta-lactam antibiotics, glycopeptides (vancomycin) and bacitracin [119, 120].   

Beta Lactam Antibiotics 

The β-lactam antibiotics (beta-lactam antibiotics) are a broad-spectrum and widely used class 

of antibiotics which contain a beta-lactam ring in their molecular structure. This chemical 

structure is fundamental to the antibacterial effect of this group of antibiotics [121-123]. 

These antibiotics inhibit the transpeptidation step in peptidoglycan synthesis by binding to the 

penicillin-binding proteins (PBPs), a group of enzymes which are located in the bacterial cell 

wall and are normally involved in the cross-linking and assembling of the bacterial cell wall 

[124, 125]. The inhibition of the PBP leads to the inhibition of peptidoglycan synthesis which 

results in cell death [124, 126]. The most important group of beta-lactam antibiotics includes 

penicillin derivatives (penams), cephalosporins (cephems), monobactams and carbapenems 

[100, 119]. 

Glycopeptides 

Glycopeptides are the other major class of antibiotics that interfere with bacterial cell wall 

synthesis. They bind to precursors of cell wall synthesis, which appears to inhibit the two 
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final steps in peptidoglycan synthesis, transglycosylation and transpeptidation. This makes 

the cell unstable and often leads to cell death. Glycopeptides do not penetrate into the 

cytoplasm or periplasm. Thus, interaction of the antibiotic with the targetstructure can only 

take place when the precursor peptide has been translocated to the outer surface of the 

organism [127]. Vancomycin is currently the most commonly used glycopeptide [128]. It is 

active only against gram-positive bacteria, because of their relatively large size which impairs 

their ability to penetrate into the gram-negative periplasmic space [26, 100, 129]. 

1.3.2. Protein synthesis inhibitors  

A number of antibiotics target or inhibit bacterial protein synthesis which leads to inhibition 

of bacterial growth or ends up with bacterial death [126, 130, 131]. Most of the antibiotics 

that inhibit bacterial protein synthesis interfere with the processes at the 30S- or 50S subunit 

of the 70S bacterial ribosome [132, 133]. Protein synthesis inhibitors that target the ribosome 

include aminoglycosides, chloramphenicol, tetracyclines, macrolides, lincosamide, 

streptogramins ketolides, glycylglycines, and oxazolidinones [134, 135]. These antibiotics, 

although all classified as protein synthesis inhibitors exhibit a significant difference in their 

the specific mechanisms by which they inhibit protein synthesis [120, 136] 

1.3.3. Inhibitors of 30S ribosomal subunits  

Aminoglycosides  

Aminoglycosides are among the most commonly used broad-spectrum antibiotics [137]. 

They are different from other antibiotic families affecting the bacterial protein synthesis 

because of their bactericidal effect [138].  The aminoglycosides mostly bind to the aminoacyl 

site of 16S ribosomal RNA within the 30S ribosomal subunit and thereby decrease the 

accuracy of the translation of mRNA into protein by causing misreading of the genetic code 

[119, 139]. This subsequently leads to the insertion of the wrong amino acids into the protein 

or interference with the ability of amino acids to connect with one another. Aminoglycosides 

can also impair protein synthesis by binding to the 30S subunit of the ribosome and avoiding 

the 30S subunit from attaching to messenger RNA [140]. The drugs are practically limited in 

their clinical use to severe infections because of the narrow therapeutic window and 

significant risk of toxicity due to improper dosing. Aminoglycosides that are commonly used 

include gentamicin, tobramycin, amikacin, streptomycin and kanamycin [119, 138, 141]. 
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Tetracyclines 

Tetracyclines are another group of antibiotics that inhibit bacterial protein synthesis [142]. 

They bind to the 30S subunit of the ribosome and block the attachment of transfer RNA 

(tRNA) to the ribosome which reversibly inhibits bacterial peptide synthesis [142, 143]. 

Using cell pump mechanisms, the concentration of the tetracyclines within the cell can 

increase to be significantly higher than the environmental concentration [143]. Tetracyclines 

are generally bacteriostatic and have a broad-spectrum activity against a wide range of gram-

positive and gram-negative bacteria as well as several intracellular or cell wall free bacterial 

pathogens such as chlamydia, rickettsia, and rickettsia-like organisms [100, 142, 144]. The 

most commonly used tetracycline derivatives include tetracycline, oxytetracycline, 

doxycycline, and lymecycline [100, 120]. 

1.3.4. Inhibitors of 50s ribosomal subunits  

Macrolides 

Macrolides are one of the most commonly used classes of static antibiotics which include 

erythromycin, roxithromycin, azithromycin and clarithromycin [145]. They are primarily 

bacteriostatic and inhibit bacterial protein synthesis by binding to the 50S subunit of the 

ribosome causing termination of the growing protein chain of susceptible microorganisms 

[146]. As the name suggests, macrolides have a large lactone ring in their structure which 

contains 14-16 carbon atoms. In general, two sugar moieties, desosamine and cladinose are 

attached to the lactone ring [147, 148]. Macrolides are active against gram-positive cocci 

which include staphylococci and streptococci. They are also active against gram-negative 

bacilli such as Chlamydia, Helicobacter, and Legionella species [149, 150]. Macrolides 

generally have a low level of efficacy against most gram-negative bacteria primarily due to 

difficulties in uptake associated with the complex outer membranes of the bacteria [120, 

150]. 

Chloramphenicol 

Chloramphenicol has a broad-spectrum activity against a wide variety of gram-positive and 

gram-negative bacteria[151]. It is effective against agents that cause meningitis such as 

Pneumococcus, Haemophilus and Neisseria [152].  Chloramphenicol inhibits peptide 

synthesis by binding to a receptor site on the 50S subunit of the bacterial ribosome [120, 144, 

153]. 
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1.3.5. Nucleic acid synthesis inhibitors 

Quinolones are synthetic drugs that contain the 4-quinolone ring [154, 155]. It interferes with 

DNA synthesis by inhibiting the bacterial DNA gyrase or topoisomerase type IV, which is 

required for DNA replication, recombination, and repair [156, 157]. Quinolones are one of 

the most widely and increasingly used broad spectrum antibiotics. They have excellent 

activity against gram-negative bacteria such as E. coli and Klebsiella pneumoniae. it can also 

be used to treat a wide variety of infections caused by Pseudomonas aeruginosa, 

Haemophilus, Neisseria, and other gram-negative bacteria [158, 159]. These antibiotics also 

show activity against gram-positive bacteria such as Staphylococcus aureus, Streptococcus 

pyogenes, and Mycobacterium tuberculosis [160]. Nalidixic acid was the first quinolone 

synthesized in 1962 [161]. Because of antibiotic resistance, it is now replaced by newer, more 

active quinolones, such as ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin [27, 

162, 163]. 

1.3.6. Cell membrane function inhibitors 

The older drugs Polymyxins (polymyxin B and colistin) and the more recently approved 

Daptomycin exert their antimicrobial effect by a detergent-like action [164]. The Polymyxins 

generally kill bacteria through binding, inserting and disrupting the cell membrane which 

leads to depolarization of the cell and membrane lysis [165]. As a result, the cell loses its 

ability to control and regulate the movement of material in and out of the cell, which leads to 

leakage of macromolecules and ions essential for cell survival, resulting in rapid cell death 

[119, 120, 159] 

1.3.7. Bacterial metabolism inhibitors  

Trimethoprim and sulfonamides 

Trimethoprim and sulfonamides are a group of antibiotics that target nucleic acid- and amino 

acid synthetic pathways [166]. They inhibit bacterial growth by interfering with folic acid 

metabolism in the microbial cell by competitively blocking of tetrahydrofolate synthesis at 

two adjacent steps in the pathway [167, 168]. Sulfonamides disrupt the folic acid pathway by 

binding to one of the enzymes, dihydropteroate synthase and thereby preventing addition of 

para-aminobenzoic acid into the folic acid molecule [119]. Trimethoprim, similar to 

sulfonamides, also targets the folic acid pathway and are often given together with 

trimethoprim, which inhibits the bacterial enzyme which converts folic acid into TH4 [169]. 



18 

 

These two drugs act on sequential steps of a single pathway and are usually combined into a 

single formulation to produce synergistic effects in inhibition of bacterial nucleic acid and 

amino acid synthesis [119, 120]  

1.4 . Antibiotic resistance 

1.4.1. Global and national perspective  

Antibiotic resistance (ABR) has become one of the major clinical and public health concerns 

globally, causing significant morbidity, mortality and rising treatment costs [19]. The 

increasing emergence and widespread global distribution of resistant bacteria, now poses a 

significant threat to the achievements of modern medicine by rendering antibiotics, once 

considered the wonder drug of the 20th century, ineffective against common infections. The 

huge concerns related to the emergence of antibiotic resistance is that some of the bacteria 

have accumulated resistance determinants against almost all available antibiotics leading to a 

remarkable number of untreatable infections in the hospitals as well as in the community [19, 

66, 76]. 

 

In parallel, there is decline in the research and development of new antibiotics by the 

pharmaceutical industry which made the threats of antibiotic resistance more evident and in 

fact, has led many to believe that the world may soon derive into a ‘post-antibiotic era', in 

which common and treatable infections can cause significant morbidity and mortality again, 

like in pre-antibiotic times [170-172]. The human and economic burden associated with 

multidrug-resistant bacteria infections are now escalating in every region of the world both in 

resource limited and higher income countries [19, 173].   

 

In the United States, the center for disease control and prevention (CDC) estimate that each 

year at least 2 million people become infected with bacteria that are resistant to antibiotics 

and 23,000 people die as a direct result of these antibiotic-resistant infections [20]. Antibiotic 

resistant infection could also complicate other illnesses leading to increased morbidity and 

mortality of patients with other diseases [20, 174].  The resistant pathogens also impose a 

significant economic burden on healthcare systems because of extended hospital stays, extra 

physician visits, and the higher cost of alternative antibiotics, more post-hospital care, lost 

workdays, and deaths. For example, in 2000 alone, the U.S. households lost approximately 
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$35 billion to antibiotic-resistant infections, including lost wages, extended hospital stays and 

premature deaths [20, 175, 176]. 

 

In the European Union it was estimated, that nearly 25,000 patients died in 2007 by a 

multidrug-resistant bacterial infection. In addition, the economic loss due to antibiotic 

resistant infections was at least EUR 900 million. In general, more than 1.5 billion USD is 

lost due to extra healthcare expenses and productivity losses caused by MDR bacteria every 

year [177]. In developing countries, the human and economic cost associated with antibiotic 

resistant infections is much more significant than in Europe or the USA [177, 178].  

 

In Africa, the health and economic problems related to resistance are worrisome because of 

the high burden of infectious disease, weak and fragile health systems, limited access to and 

poor quality of health care [179, 180]. Moreover, many other factors such as poor hygiene 

and poor infection prevention control measures in the health facilities, the rise of counterfeit 

drugs on the market, inappropriate prescribing practices, poor antibiotics policies and 

regulations add to the problems of antimicrobial resistance [181-183].  

 

In Ethiopia, the health and economic impact is particularly pressing as the country is in the 

list of the the least developed countries with high rates of infectious disease such as 

tuberculosis (TB), respiratory tract infections, diarrhoeal diseases, and urinary tract 

infections. Moreover, most of the Ethiopians have little access to clean water and sanitation, 

contributing to the high burden of disease in the country [184, 185]. The infection prevention 

and control practice in the country’s hospital and health care centres are generally poor, 

putting many more patients at higher risk of acquiring nosocomial infections [186].     

 

On the other hand, antibiotics and other drugs are easily accessibility in drugs stores and 

pharmacies which contributed to the wide spread self-medication and irrational use of 

antibiotics in the country [186]. In Ethiopia, because of the absence of proper laboratory 

diagnosis and antimicrobial susceptibility testing, most treatment is based on empirical 

assessment, which further accelerates the development of resistance in microorganisms [187, 

188]. 

From the global to the local setting, antimicrobial resistance (AMR) is currently causing 

enormous medical, social and economic costs, both in lower and higher income countries. If 
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no preventive action is taken to roll back the continued and escalating problem of antibiotic 

resistance, by 2050, it could lead to more than 10 million deaths worldwide and 4.15 million 

deaths in Africa every year. Moreover, antimicrobial resistance significantly affects the Gross 

Domestic Product (GDP) and thereby causes economic loss of up 100 trillion USD globally 

[176, 189].  

1.5 . Causes of antibiotic resistance 

Antibiotic resistance occurs naturally, but several factors have contributed to the increasing 

emergence and continued rise of antimicrobial resistance. The irrational use of antibiotics in 

humans and animals in general is considered as the key factor for the increasing emergence 

of resistant bacteria [190]. According to CDC estimates, up to 50 percent of antibiotics are 

unnecessarily or inappropriately as prescribed in human medicine.  Moreover, the misuse and 

overuse of antibiotics as prophylaxis and growth promoters in livestock accelerates the 

emergence of resistant bacteria [20, 191-193].  

 

The continued emergence and increasing threat of antibiotic resistance is further accelerated 

by many social, cultural, economic and administrative factors, which include noncompliance 

with infection prevention and control programs in the hospitals and other health facilities, 

suboptimal use of antimicrobials for prophylaxis and treatment of infection, prolonged 

hospitalization and increased use of invasive devices and catheters, poor personal hygiene 

practices, poor-quality medicines, weak laboratory capacity, inadequate surveillance and 

insufficient regulation of the use of antimicrobial medicines. Additional factors contributing 

to the emergence and spread of resistance include intensive antibiotic use in agriculture and 

increasing national and international travel or population mobility. [194-196] 

1.6 . Mechanisms of antibiotic resistance  

There are different mechanisms of antibiotic resistance used by microbes, but in general, 

bacteria can impair the function or reduce the effectiveness of antibiotics through blocking 

one or more of the steps essential for effective antimicrobial action [197]. Bacteria can do this 

either through intrinsic or acquired resistance mechanisms [198, 199].  Intrinsic resistance is 

the innate ability of a bacterial species to resist a particular class of antibiotic agent as a result 

of its inherent structural or physiological characteristics [198].  

 



21 

 

Some examples of intrinsic resistance include absence of a susceptible target such as 

penicillin-binding proteins (PBPs) for a specific antibiotic, production of enzymes that 

destroy antibiotics before the drug can reach the PBP targets, low permeability or lack of 

uptake resulting from inability of the specific antibiotic to penetrate the outer membrane and 

inability to anaerobically reduce the drug to its active form. Other mechanisms include active 

efflux of the drug e.g. via chromosomally encoded active exporters, low permeability of the 

drug into the bacterial cell and innate production of enzymes that inactivate the drug [120, 

198, 200]. 

Acquired antimicrobial resistance generally can be due to genetic mutation in chromosomal 

genes or horizontal gene transfer from other bacteria [199]. Acquired resistance can be 

grouped into four main categories. These are: (i) restricted access of the antibiotic to its target 

through either using cell membrane as a barrier, or using the active efflux (pumping out) 

systems that prevent the drug from accumulating and reaching its intracellular target. 

Production of enzymes (ii) that destroy or chemically modify the antibacterial drug, either by 

hydrolyzing it or by adding chemical groups to some important part of the antibacterial drug 

that interferes with binding of the antibiotics to its target; (iii) modification of the 

antibacterial drug target site and (iv) failure to activate the antibiotic, mutations that decrease 

the expression of an enzyme that activates the antibiotic[136, 199, 201].  

1.7 . Mechanisms of resistance in gram-negative bacteria 

Gram-negatives have developed a variety of mechanisms of resistance, figure 1.1 [6, 202]. 

The most common and frequently used strategies thereby include antibiotic-modifying 

enzymes which inactivate the antibiotics, mutations in the structural or regulatory genes of 

the target protein, alterations in the outer membrane which decreases the movement of drug 

through the cell membrane and expression of active efflux pump which expels the drug from 

the cell [8, 203-205]. The multidrug resistant gram-negative bacteria can possess multiple 

resistant determinants and significantly decrease their susceptibility to multiple classes of 

antibiotics [6, 7, 202, 206]. 
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Figure 1.1: Mechanisms of resistance in gram-negative bacteria, and the antibiotics affected 

[6] 

1.7.1. Limiting access of the antibiotic 

Cellular impermeability 

The phenomenon of cellular impermeability is particularly important in the resistance of 

gram-negative bacteria [207]. The envelope of gram-negative bacteria offers a multi-

component barrier system which regulates the passage of the antibiotics and thereby limits 

the intracellular concentration of active antibiotic molecules reaching their target regions 

[208]. The multi-component barrier systems include the outer membrane and the cytoplasmic 

(inner) membrane which provides a potent physical barrier to antibacterial agents and allows 

only a slow influx of antibiotics in to the bacterial cell. Moreover, by using protein channels, 

called porins, these bacteria can also be able to reduce the influx of several classes of 

antibiotics [207, 209].  

Efflux Pumps 

On the other hand, gram-negative bacteria express a plethora of efflux pumps which control 

active transport (expulsion) of the antibiotic out of the cell [210]. This active efflux plays a 

major role in bacterial susceptibility to antibiotics by lowering the intracellular antibiotic 

concentration and thereby, allowing bacteria to survive at higher antibiotic concentrations. 
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The efflux mechanisms that are ubiquitous in these bacteria and the overexpression of some 

efflux pumps and their synergetic interaction with other resistance mechanisms greatly 

contribute to the emergence and dissemination of antibiotic resistance worldwide. These 

mechanisms present a major challenge for antibiotic development in gram-negative 

pathogens [210, 211]. 

1.7.2. Target modification 

Bacteria can become resistant through mutation in the structural or regulatory genes of the 

target protein that makes the target protein less susceptible to the antibiotic agent [212, 213]. 

Target site mutations, which prevent the antibiotic from binding to its site of action; 

ribosomal mutations or modifications, which prevent the antibiotic from binding and 

inhibiting protein synthesis are common mechanisms which establish resistance to a wide 

variety of antibiotics in gram-negative bacteria [214]. Bacteria acquire resistance to the 

polymyxin antibiotics through mutations in genes encoding for enzymes involved in the outer 

membrane lipopolysaccharide synthesis [6, 207]. Moreover, the fluoroquinolone resistance in 

gram-negative bacteria can be acquired through  mutations, which modify the 

fluoroquinolone binding sites of DNA gyrase and topoisomerase IV enzymes [215].  

1.7.3. Antibiotic inactivation  

Many antibiotic-modifying enzymes have been described in gram-negative pathogens [202, 

216]. Beta-lactamases which inactivate the β-lactams (penicillins, cephalosporins and 

carbapenems) through enzymatic hydrolysis are the most important resistance mechanism 

described in gram-negative bacteria [217, 218]. Other clinically important antibiotic-

modifying enzymes in gram-negatives include adenyltransferases and acetyltransferases as 

well as phosphotransferases which inactivate aminoglycosides (such as kanamycin, 

tobramycin and amikacin) through the  enzymatic modification of the compound[219, 220]. 

These enzymes are usually found for antibiotics of natural origins and in many cases are 

acquired but some are also intrinsic to certain bacterial species [159, 221, 222]. 

1.8 . Resistance of concern 

1.8.1. Extended-Spectrum β-Lactamases (ESBLs) 

Extended-spectrum beta-lactamases (ESBLs) are a predominant cause of ß-lactam resistance 

in gram-negative bacilli (GNB) [202, 217]. Incidences of infections caused by ESBL 
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producing GNB are increasing in prevalence worldwide, both in the healthcare as well as 

community settings, posing significant therapeutic challenge [19, 223, 224]. It is estimated 

that worldwide about 10-40% of E. coli and K.  pneumoniae express ESBLs [225]. Although 

the majority of ESBL-producing organisms have been reported from hospitalized patients, 

community-acquired infections due to ESBL-producing GNB are also increasing and become 

an emerging problem in the community [226, 227]. Moreover, the frequent occurrence of 

outbreaks caused by ESBL-producing Enterobacteriaceae in many parts of the world 

becomes a significant challenge to the infection prevention and control efforts [225, 228]. 

 

ESBLs are a heterogeneous group of β-lactamase enzymes that confer resistance to a wide 

range of commonly used ß-lactam antibiotics including third generation cephalosporins (e.g., 

ceftriaxone, cefotaxime, and ceftazidime) as well as monobactams (aztreonam) [217, 229]. 

ESBLs are most often plasmid mediated. These plasmids often also carry genes that encode 

resistance determinants to other antibiotic classes besides the ESBL gene [202]. Co-existence 

of AmpC beta-lactamases and ESBLs was observed in many ESBL-producing gram-negative 

bacilli and may be co-transferred with plasmids mediating aminoglycoside resistance [230, 

231]. In addition, there is an increasing association between ESBL production and 

fluoroquinolone resistance, which significantly reduces the treatment options available for 

treating infections caused by ESBL-producing organisms [225, 230]. Carbapenems had been 

developed in response to the increased prevalence of ESBL resistance and often used as “last-

line agents” for treatment of serious infections caused by ESBL-producing organisms. 

Unfortunately, isolate expressing resistances to carbapenem treatment are now being reported 

in many parts of the world [225, 232] 

 

ESBLs can be detected among many different species of gram-negative bacteria with higher 

frequency among Klebsiella pneumoniae and Escherichia coli isolates [233, 234]. Other 

bacteria less often associated with ESBL production include Enterobacter spp., Acinetobacter 

spp., Salmonella spp., M. morganii, P. mirabilis, S. marcescens and P. aeruginosa [235, 

236]. The ESBL producing bacteria are clinically relevant and remain an important cause of 

infections, such as the respiratory tract infections, urinary tract infections, skin- and soft 

tissue infections, bacteremia, gastrointestinal tract- and central nervous system infections 

[236]. Older age, recent use of antibiotics, recent hospitalization, residence in a long-term 
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care facility, urinary catheterization, and bed-ridden conditions were reported as a significant 

risk factor for acquisition of ESBL producing isolates [237, 238].  

 

There are three main types of ESBLs: TEM, SHV and CTX-M. The TEM and SHV ESBLs 

used to be the most dominant and frequently detected ESBLs genotypes [235].  However, in 

the past decade, the CTX-M types ESBLs have become the most widely distributed and 

globally dominant group [239, 240]. TEM- and SHV-type ESBLs are frequently found in E. 

coli and K. pneumoniae; however, they have also been found in Proteus spp., Providencia 

spp., and other genera of Enterobacteriaceae [235]. Many of the bla structural genes which 

are naturally found on the chromosome are now moved to plasmids and integrons expanding 

the resistance to include carbapenems and cephamycins [241]. Figure 1.2 

TEM type ESBLs 

TEM type ESBLs are derived from TEM-1 and TEM-2 [242]. TEM-1 offers resistance only 

to penicillin and ampicillin, while other newer TEM alleles confer resistance to additional 

beta-lactams [241]. TEM-2 is the first derivative of TEM-1 and differs from the original β-

lactamase with a single amino acid substitution. TEM-3 differs from TEM-2 with a 

replacement of two amino acids and was the first TEM-type β-lactamase that exhibited the 

ESBL phenotype [243, 244]. It was first identified in K. pneumoniae in France in 1984 and so 

far there are over 100 TEM type beta-lactamases and all except TEM-1 and TEM-2, are 

ESBLs [235].   

SHV type ESBLs 

The SHV-type ESBLs are derived from SHV-1 by substitutions of few amino acids and 

provide resistance to wide spectrum of ß-lactams including the third-generation 

cephalosporins such as cefotaxime and ceftazidime as well as monobactams [244, 245]. The 

two common amino acids substitutions in SHV-1 ß-lactamase are: Gly-238-->Ser and Glu-

240-->Lys. However, when compared to the TEM-type ß-lactamases, only fewer SHV type 

ß-lactamases have been derived from SHV-1 [246]. SHV-type ESBLs have been detected 

with increasing frequency in K. pneumoniae but are also found in a wide range of other 

Enterobacteriaceae [235, 247]. Moreover, outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter species have also been reported. The enzymes are usually 

plasmid coded and associated with multi-resistance as well as easy horizontal spread. The 

SHV-type ESBLs are usually found in clinical isolates [235, 245, 248] 
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CTX-M-type ESBLs 

CTX-M-type enzymes are a group of class A ESBLs that in general exhibit much higher 

levels of activity against cefotaxime and ceftriaxone than ceftazidime [240, 249]. The 

presence of CTX-M ESBLs is often associated with co-resistance phenotypes in particular to 

fluoroquinolones and aminoglycosides, in addition to tetracycline, and sulfamethoxazole–

trimethoprim co-resistance, which is commonly observed among TEM and SHV type ESBLs 

[239, 250].  CTX-M currently constitutes more than 170 allelic variants identified so far, 

which are clustered into five major groups based on sequence homologies.  The five CTX-M 

groups are: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 [244].  Each group 

consists of a number of particular variants with dominant variants being restricted in 

distribution to specific geographic areas, while few others are globally distributed. CTX-M-

15 and CTX-M-14 were the most commonly isolated variants worldwide [250, 251].  

Other rare ESBLs enzymes  

Other ESBL type ß-lactamases such as OXA ß-lactamases (Ambler class D and Bush-Jacoby-

Medeiros group 2d), PER (Pseudomonas extended resistance) ß-lactamase, has also been 

described among gram-negative isolates in several continents [252, 253]. In addition, Minor 

ESBLs such as BES‐1type (Brazilian ESBLs), GES type (Guyana ESBLs) and BEL‐1type 

(Belgium ESBLs) were also detected in Serratia marcescens, P. aeruginosa, E. coli and K. 

pneumoniae. In general, these ESBLs, are currently very rare and geographically localized, 

however, they can potentially spread through transcontinental transfer of resistance genes and 

may rapidly become major concerns worldwide, [248, 254].  

 

The OXA ß-lactamases are predominantly described in lactose non-fermenters such as 

Pseudomonas aeruginosa or Acinetobacter spp. and also occur in Enterobacteriaceae isolates 

[252]. They usually confer resistance to amino- and ureidopenicillins and possess high-level 

hydrolytic activity against cloxacillin, oxacillin, and methicillin and are weakly inhibited by 

clavulanic acid [255]. Some OXA-type ß-lactamases however, have shown extended activity 

against cephalosporins. These OXA ß-lactamases considered to be ESBLs includes OXA-11, 

-14, -15, -16, -28, -31, -35 and -45 and confer resistance to cefotaxime, ceftazidime and 

aztreonam. Moreover, Plasmid-mediated OXA ß-lactamases (OXA-23, OXA-40 and OXA-

58) that confer resistance to carbapenems have also emerged among isolates of Acinetobacter 

baumannii which poses a significant threat to the clinical efficacy of the carbapenems [248, 

252]. 
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The PER (Pseudomonas extended resistance) ß-lactamase confer resistance to penicillins, 

cefotaxime, ceftazidime, and aztreonam, but not to carbapenems and cephamycins and is 

inhibited by clavulanic acid [256]. PER-1 is one of the most frequently detected ESBLs in P. 

aeruginosa, but PER-1-producing A. baumannii strains, Salmonella Typhimurium, E. coli, 

P. vulgaris and P. stuartii have been reported in various countries around the world as well 

[253, 257, 258]. The VEB (Vietnam extended-spectrum beta-lactamase) was, first reported in 

1996 in relation to an E. coli isolate from a Vietnamese patient. VEB-1 has highest homology 

with PER-1 and PER-2 and confers resistance to ceftazidime, cefotaxime and aztreonam and 

is well-inhibited by clavulanic acid, sulbactam and tazobactam [254, 259]. 

 

  

 

 

Figure 1.2: Intrinsic and acquired beta-lactamases in Enterobacteriaceae [231] . 

AmpC ß-lactamases  

AmpC ß-lactamases are clinically important cephalosporinases, as these enzymes are capable 

of hydrolyzing cephamycins as well as other extended-spectrum cephalosporins and resist 

inhibition by clavulanic acid, sulbactam and tazobactam [260]. AmpC ß-lactamases are 

encoded by both chromosomal and plasmid carried genes grouped in class C or group I 
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enzymes. The chromosomally mediated AmpC β-lactamases have been described in many 

gram-negative bacilli and in most cases they are inducible and can be expressed at high levels 

by mutation [261]. The  overexpression of the chromosomal AmpC initially appeared in 

organisms such as Enterobacter cloacae, Citrobacter freundii, Serratia marcescens, and 

Pseudomonas aeruginosa and offer resistance to penicillins, aztreonam, cephamycins, and 

narrow-, broad-, and expanded-spectrum cephalosporins [262, 263]. AmpC enzymes encoded 

by both chromosomal and plasmidal genes are now evolving to hydrolyze broad-spectrum 

cephalosporins more efficiently and spreading worldwide [261].  

 

Plasmid-mediated AmpC β-lactamases were first reported in the late 1980s. These enzymes 

are increasing in prevalence around the world and are usually associated with multiple 

antibiotic resistances. They are frequently produced by Escherichia coli, Klebsiella spp., 

Proteus mirabilis, and Salmonella spp. as well as Citrobacter freundii. [264, 265]. The 

Plasmid-mediated AmpC ß-lactamases represent a new threat since they can also spread to 

other bacteria initially lacking or poorly expressing a chromosomal AmpC gene. It can also 

provide resistance to carbapenems in strains with loss of outer membrane porins. Currently, 

the CMY, FOX and DHA AmpC gene families account for the most common plasmid-

mediated AmpC ß-lactamases [261-263]. 

Carbapenemases  

Carbapenemases are large and diverse enzymes that hydrolyze carbapenems and sometimes 

also other ß-lactams including penicillins, cephalosporins and monobactams [266]. Bacteria 

producing carbapenemases can cause very serious infections and the enzymes provide 

extensive antibiotic resistance rendering many ß-lactams ineffective, including carbapenems, 

which are often considered the drugs of last resort for such infections [266, 267]. 

Carbapenemases are grouped under the molecular class A, B, and D ß-lactamases. Class A 

and D enzymes have a serine-based hydrolytic mechanism, while class B enzymes are 

metallo-β-lactamases that contain zinc in the active site [266].   

Class A carbapenemases 

The class A carbapenemases are grouped under the functional subgroup 2f  that provide 

resistance to penicillins or cephalosporins, monobactams, imipenem and meropenem and are 

inhibited to various extents by clavulanic acid [266, 268].  The genes encoding class A 

carbapenemases are either plasmid mediated or found on the chromosome of the pathogens. 



29 

 

The common chromosomally encoded class A carbapenemase includes NMC-A, Sme-1 to 

Sme-3 and IMI-1 and they are frequently identified in Enterobacter cloacae and Serratia 

marcescens. The plasmid encoded carbapenemase are K. pneumoniae carbapenemases (KPC 

1-3) mostly identified in Klebsiella pneumoniae and Guiana extended-spectrum 

carbapenemase (GES-2) in Pseudomonas aeruginosa [269].  

 

KPC ß-lactamases confer resistance to virtually all ß-lactams but they are less efficient in 

cleaving imipenem, meropenem, cefotaxime, and aztreonam than the penicillins and early 

cephalosporins. The KPC family of carbapenemases have a great potential to spread locally 

as well as globally since they are located on transferable plasmids and usually found in K. 

pneumoniae, which is known for its ability to accumulate and transfer resistance 

determinants. KPCs are no longer limited to K. pneumoniae and now spread in a wide range 

of gram-negative bacteria. The KPC producing-bacteria are mostly involved in nosocomial 

and systemic infections causing significant morbidity and mortality [267, 270, 271].   

Class B carbapenemases 

The class B enzymes (Bush group 3) are metallo-ß-lactamases (MBLs) which typically 

hydrolyze all ß-lactams with the exception of aztreonam and resist currently available ß-

lactamases inhibitors but are inhibited by chelating agents such as EDTA [267]. The metallo-

ß-lactamases are the most clinically-significant carbapenemases and include members of the 

IMP, VIM, SPM, GIM, and SIM families which are detected primarily in Pseudomonas 

aeruginosa but also among Enterobacteriaceae. The genes encoding the class B 

carbapenemases are plasmid and integron-located and have been reported worldwide [266, 

272].  

 

New Delhi metallo-ß-lactamase (NDM) enzymes are the latest type of carbapenemases that 

has received much recognition and attention particularly due to their fast global dissemination 

following their initial emergence in Klebsiella pneumoniae isolated from a Swedish patient of 

Indian origin in 2009 [273]. The success of NDM is attributed to the mobile gene being 

located on promiscuous plasmids. The spread of blaNDM spread locally within and between 

the different genera of bacterial populations and globally through international travel and 

other means [274-277]. Moreover, the plasmid mediated blaNDM-1 are located in between the 

genetic signatures that have implications for mobility of diverse plasmids containing blaNDM 

[278].  
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NDM-1 is the most common type and presents a serious threat to antibiotics therapy as it 

provides resistance to almost all ß-lactams including the last resort carbapenems with the 

exception of aztreonam. NDM enzymes are described mainly in Enterobacteriaceae, but also 

in non-fermenters and Vibrionaceae [275, 279]. Klebsiella pneumoniae and Escherichia coli 

were the most common bacteria reported to produce NDM-1 enzyme. Other 

Enterobacteriaceae such as Enterobacter cloacae, Citrobacter spp., Moraxella spp., 

Morganella morganii, Stenotrophomonas maltophilia, Proteus spp., Providencia stuartii and 

non-fermenters such as Pseudomonas aeruginosa and Acinetobacter baumannii were less 

commonly identified as NDM producers [280]. 

Acinetobacter spp. producing New Delhi metallo-β-lactamases (NDM)  

The emergence and increasing prevalence of Acinetobacter spp. resistant to carbapenems has 

now become a global health problem [281]. Acinetobacter has enormous capability to rapidly 

acquire resistance mechanisms to new antibiotics. It is also capable of accumulating diverse 

resistance determinants limiting the available therapeutic options which make the infection 

difficult to treat with a greater risk of death [75, 281, 282]. A. baumannii was previously 

considered as recipient of many MBLs genes including imipenemase, Verona metallo-β-

lactamase, Guiana extended-spectrum β-lactamase and Klebsiella pneumonia carbapenemase 

from other gram-negative pathogens. In recent years, however, it was revealed that A. 

baumannii may also likely acts as a source of emerging antibiotic resistance genes and plays 

an essential role in spreading these resistance determinants to other Enterobacteriaceae [282, 

283]. 

Class D carbapenemases 

The class D carbapenemases are carbapenem-hydrolyzing OXA-type ß-lactamases commonly 

identified among A. baumannii. However, currently, there are increasing reports of their 

presence among the  Enterobacteriaceae [284]. The class D β-lactamases confer resistance to 

ß-lactam antibiotics and significantly compromise the efficacy of imipenem and meropenem 

and therefore, are considered now as an emerging resistance determinant posing a significant 

threat to the efficacy of these “last-resort” antibiotics [285].  



31 

 

1.9 Epidemiology of ESBLs, AmpCs and carbapenemases  

1.9.1 Global  

The continued continued emergence and increasing prevalence of antibiotic resistance due to 

extended-spectrum β-lactamase, AmpC and carbapenemase producing Enterobacteriaceae, 

and non-fermenters, such as Pseudomonas aeruginosa and Acinetobacter baumannii becomes 

a major global public health concern by limiting the available treatment options for infections 

caused by these pathogens [286, 287]. The first plasmid mediated ESBL was described in 

Germany in 1983 [288]. Since then, ESBLs have been disseminated to many countries 

worldwide with prevalence rates exceeding 50% for E.coli and K. pneumonia in some of the 

countries [289, 290]. Outbreaks of infections due to ESBLs have also been reported in many 

European countries and the USA [291]. The prevalence and distributions of AmpC and 

carbapenemase producing bacteria also varies across different geographic regions [292, 293]. 

North America 

A study conducted in Canada showed a significant increase in the proportion of ESBL- and 

AmpC-producing E. coli and K. pneumoniae, but, the number of carbapenemase producers 

was found to be low among the isolates. The study also indicated CTX-M-15 to be the 

dominant genotype in both ESBL-producing E. coli and ESBL-producing K. pneumoniae.  

The dominant genotype among AmpC-producing E. coli was CMY-2. While a large portion 

of the carbapenemase production observed in E. coli and K. pneumoniae was due to KPC-3 

[294].  

 

In the United States, every year, approximately 26,000 healthcare-associated infections and 

1,700 deaths occurs due to ESBL-producing Enterobacteriaceae. About 23% and 14% of 

these healthcare-associated enterobacterial infections are caused by ESBL-producing 

Klebsiella spp. and E. coli, respectively [20]. Carbapenemase-producing Enterobacteriaceae 

(CPE) are also increasing and become a public health threat in the United States. Surveillance 

conducted in 2012 to 2013 in seven states reported an overall incidence of carbapenem-

resistant Enterobacteriaceae of 2.93 cases per 100,000 inhabitants [295]. The CTX-M β-

lactamase is the predominant ESBL genotype in the United States. A study conducted in 

Texas showed that up to 70% of extended-spectrum β-lactamase (ESBL)-producing 

Enterobacteriaceae were found to be positive for CTX-M enzymes, thereby CTX-M-15 was 
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also reported to the predominant CTX-M genotype followed by CTX-M-16, CTX-M-8, and 

CTX-M-14 [296]. 

Asia-Pacific Region 

In the Asia-Pacific Region, the distribution of ESBLs, AmpCs, and carbapenemases among 

Enterobacteriaceae species varies between the different countries in the region [297]. In 

general, CTX-M, CMY-2, and NDM-1 genotypes were dominant among ESBL, AmpC, and 

carbapenemase producing Enterobacteriaceae isolates, respectively [298]. Among ESBL 

genotypes, the CTX-M (CTX-M-15 being the dominant) was the most common genotype 

followed by SHV and TEM. Among AmpC genotypes, CMY (92.7% with CMY-2) was the 

most common genotype, followed by DHA and ACT/MIR. NDM-1 (95.4%) followed by 

IMP and OXA was reported to be the most common carbapenemases in the Asia-Pacific 

Region [298].  

 

In Thailand, the prevalence of CTX-M was extremely high among ESBL-producing E. coli 

(99.6%) and K. pneumoniae (99.2%) with CTXM-14 and -15, and CTX-M-55 being the main 

CTX-M genotype endemic in the country [299]. In China, about 35.7% of E. coli and K. 

pneumoniae on average was found to be an ESBL producer [300]. Another study in China 

found 39.2% and 7.8%, of Klebsiella pneumoniae isolates to be ESBLs or AmpC β-lactamase 

positive, respectively. This study also showed that 63 strains harbored a blaCTX-M gene, and 

14 strains harbored blaDHA gene. In addition, there were 5 strains carrying the blaKPC gene 

[301]. In India, a study conducted in a rural tertiary care teaching hospital reported the 

prevalence of ESBL, AmpC and carbepenemases with a frequency of 33.86%, 14.24% and 

18.25% respectively [302]. 

Middle East  

The prevalence of ESBL, AmpC and carbepenemases has been reported in various 

proportions in the different countries in the Middle East. For example, high prevalence of β-

lactamases among E.coli isolate was reported in Iran with ESBL, AmpC and IMP‑1 having a 

frequency of 52.9%, 7.7%, and 31% respectively. In this study, 34% of E. coli isolates 

produced two or three types of enzymes simultaneously [303]. In Syria, a study from Aleppo 

University Hospitals reported ESBLs prevalence of 62.89% and 67.5% in E. coli and K. 

pneumoniae isolates, respectively. In this study, CTX-M-1 was reported to be the most 

common genotype [304].  A study conducted in Saudi Arabia among Enterobacteriaceae 
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isolates collected from King Khaled General Hospital showed that 88.5% of the isolates were 

either extended spectrum beta-lactamases (ESBLs) or AmpC producers while 10 isolates 

(18.5%) were found positive for carbapenemases [305]. 

 

Europe 

In Europe, a continuous rise in ESBL and AmpC rates has been observed, both in hospitals 

and in the community. Although, the prevalence of carbepenemase producing isolates 

continues to be low for most countries in Europe [306]. According to the 2015 antimicrobial 

resistance surveillance in Europe, 88.6% of E. coli and 85.3% of K. pneumoniae isolates 

resistant to third-generation cephalosporins were found to be ESBL producers. Carbapenem 

resistance in E. coli continues to be low in many of those countries with mean resistance rates 

below 0.01%. In this survey, NDM-1, KPC, OXA-48-like, or VIM carbapenemases have 

been reported in K. pneumoniae with the highest rates from the Mediterranean and Balkan 

countries. [307].  

 

In Germany, data from national nosocomial infection surveillance showed significant 

increases in the proportion of ESBL between 2007 and 2012. During this period, the 

prevalence of ESBL producing Enterobacteriaceae increased from 11.46 to 15.38% in 

surgical site infections, from 9.36 to 16.56% in urinary tract infections and from 11.91 to 

14.7% in lower respiratory tract infections [308].  Another study in Germany reported a 

ESBL prevalence of 83.6% in human and 91.1% in animals among Enterobacteriaceae 

isolates with CTX-M-15 and CTX-M-1 being the predominant CTX-M subtypes in human 

and animal isolates, respectively [309]. On the other hand, a high prevalence of ESBLs 

(43.9%) in Enterobacteriaceae was reported from retail chicken meat in Germany with 

blaSHV-12 followed by blaCTX-M-1 and blaTEM-52 being  the most prevalent ESBL genes [310]. 

Another study conducted in the German dairy farms showed that about 9.5% of 

Enterobacteriaceae isolated from bulk tank milk were confirmed as ESBL producers [311].  

 

In Italy, epidemiological studies conducted in San Camillo Hospital of Treviso between April 

2012 and March 2014 among Enterobacteriaceae isolates showed that 89.4% and 15.3% of 

the isolate were positive for ESBL and AmpC beta-lactamases, respectively. About 4.9% of 

K. pneumoniae, were confirmed as KPC positive [312].  In Sweden, out of 200 ESBL 

producing E. coli and K. pneumoniae isolates, collected over a 10-year period, 87% were 
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found to be CTX-M producers with CTX-M-1 (64%) being the dominant subgroups followed 

by CTX-M-9 (34%) and CTX-M-2 (2%) [313]. In general, CTX-M-9, CTX-M-3, CTX-M-14 

or CTX-M-15 were the most widespread CTX-M families in Europe  [306]. Apart from E. 

coli and K. pneumoniae, data collected from 31 European centers showed the presence of 

AmpC β-lactamase production in clinical isolates of  Enterobacter spp. (8.0% of total), 

Citrobacter spp. (1.3%), and S. marcescens (2.5%) [314]. 

1.9.2 In Africa 

ESBLs (class A and D) producing Enterobacteriaceae was found to be common in 

hospitalized patients and in the communities in Africa. Among the CTX-M variants detected 

in this region, CTX-M-15 was found to be the most frequently reported variant [315, 316]. 

CTX-M type ESBLs have now spread and could be detected among many different bacterial 

strains of clinical importance. Escherichia coli and Klebsiella pneumoniae are the most 

common Enterobacteriaceae with ESBL phenotype. They also often cause potentially serious 

infections in the hospital as well as community setting [240, 251]. 

 

Although, the prevalence varies between the different countries, plasmid-encoded AmpC 

(pAmpC) and carbapenemases were reported in many African countries [317]. A study 

conducted in two Hospitals in Nigeria among gram-negative clinical isolates reported an 

overall prevalence of 14.4%, 11.9% and 11.9.3% for ESBL, AmpC and carbapenemases 

respectively. In this study, the highest prevalence of ESBLs (31.3%), and AmpCs 18.8%), 

was found in Enterobacter spp.. In addition, ESBL was detected in E. coli (17%), K. 

pneumoniae (14.8%), P. mirabilis (13.5%) and P. vulgaris (6.3%). Following Enterobacter 

spp. the highest AmpC rate was reported in P. aeruginosa (16.8%) followed by P. mirabilis 

(15.7%), K. pneumoniae (14.4%), E. coli (8.3%) and P. vulgaris (6.3%) [318]. 

 

In Algeria, the prevalence of plasmid-mediated AmpC β-lactamases among hospital 

Enterobacteriaceae was found to be 2.18% including CMY-2 and DHA-1 enzymes [319]. In 

another study in the same country, ESBLs belonging to CTX-M-1 group and TEM 

penicillinases (CTX-M-3, CTX-M-15 and TEM-1) were found in 19.9% clinical isolates of 

Klebsiella pneumoniae clinical isolates collected from three hospitals in Algiers [320]. 

Moreover, about 17.7% in Enterobacter cloacae in Algeria were found positive for ESBL 

with CTX-M-15 being the dominant genotype followed by CTX-M-3, SHV-12 and VEB-1 
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[321]. In Egypt, about 16% of Enterobacteriaceae isolates recovered both from inpatient and 

outpatient were found positive for ESBL with 19% and 14% prevalence rate in E. coli and K. 

pneumoniae, respectively [322].   

 

In Morocco, NDM-1 gene was reported among three clonally related K. pneumoniae isolated 

from hospitalized patients. The three isolates also co-expressed the extended-spectrum β-

lactamases CTX-M-15 and SHV-5 and the narrow-spectrum β-lactamases SHV-1, OXA-1, 

OXA-9 and TEM-1 [323]. Another study conducted at a University hospital in Morocco 

among clinical Enterobacteriaceae isolate reported high rates of faecal carriage of extended-

spectrum β-lactamases (42.8%, mainly CTX-M-15) and OXA-48 carbapenemase (13%), 

mainly among two major clones of K. pneumoniae (70%) and a clone of Enterobacter 

cloacae (30%) [324].  

 

The meta-analysis performed to determine the magnitude and molecular epidemiology of 

ESBL-producing Enterobacteriaceae in East Africa found 42% overall pooled proportion of 

ESBL-producers. This study also indicated the pooled proportion of ESBL-producing 

Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 47%, 39% and 

62% respectively [325]. In Tanzania, among MDR-GNB clinical isolates analyzed, 35% were 

found positive for one or more carbapenemase genes. The most predominant gene were IMP-

types (21.6%) followed by VIM (12%). Carbapenemase genes were mostly described in K. 

pneumoniae (11%), followed by P. aeruginosa (10%), and E. coli (8%) [326].  

 

Similar findings were reported in the study conducted in Mulago National Referral Hospital, 

in Uganda which showed 22.4% prevalence of carbapenemase among Enterobacteriaceae 

isolates. VIM (10.7%) was reported in this study as the most common genotype followed by 

OXA-48 (9.7%), IMP (6.1%), KPC (5.1%) and NDM-1 (2.6%).  The highest rate of 

carbapenemase gene was found in Klebsiella pneumonia (52.2%) and detected in bacteria 

isolated from pus swabs (47.7%) [327]. 

1.9.3 In Ethiopia 

In Ethiopia, few studies have reported the prevalence of ESBLs ranging from 25% to 38.5% 

among Enterobacteriaceae in clinical samples obtained from various hospitals, including 

Jimma University Specialized Hospital (JUSH) [328-331]. A study conducted at four 
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hospitals in the eastern part Ethiopia reported 33.3% prevalence of ESBLs among clinical 

isolates of Klebsiella spp. recovered from different clinical specimens [330]. A similar study 

conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, the overall 

prevalence of ESBL and carbapenemases among clinical Enterobacteriaceae isolates were 

found to be 78.57% and 12.12%, respectively. ESBLs were detected in 84.2% of Klebsiella 

pneumoniae (n=16/19) and among all Escherichia coli (n=5/5), and Klebsiella oxytoca 

(n=1/1). Carbapenemase were detected in K. pneumoniae (10.5%, n=2/19), K. oxytoca 

(100%, n=1/1), and M. morganii (50%, n=1/2) [332]. 

 

A study conducted in Jimma University Specialized Hospital (JUSH) in Ethiopia recovered 

256 bacterial strains with a mean of 1.44×104 CFUs/diaphragm of stethoscopes. The isolates 

include S. aureus, Klebsiella spp., Citrobacter spp., Salmonella spp., Proteus spp., 

Enterobacter spp. and P. aeruginosa. About 52% of these isolates were found to be potential 

pathogens with multi-drug resistance characteristics [333]. Another study from Ethiopia 

reported 60.3% overall microbial colonization among the 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. A total of 111 microbial isolates identified in these 

study, of which, 84.7% were found to be  gram-positive bacteria while 4.5% were gram-

negative bacteria [334].  

 

A study done in Bahir Dar City, Northwest Ethiopia to determine frequency of ESBLs among 

Enterobacteriaceae found 57.6% and 9.4% ESBLs producing Enterobacteriaceae in clinical 

and drinking water samples, respectively. The most common ESBLs producers were found to 

be K. pneumoniae (69.4%) and Escherichia coli (58.2%) [335]. In another study done among 

Enterobacteriaceae isolated from hospitalized patients admitted at Ethiopia’s largest tertiary 

hospital, the overall gastrointestinal colonization rate of ESBLs producing 

Enterobacteriaceae (ESBL-E) was found to be 52%, of which, 2% were were found to be 

also resistant to carbapenems [336].  

 

In a study done at Gondar University Referral Hospital, high rates of multi drug resistance 

among Enterobacteriaceae (87.4%) recovered from patients with symptomatic urinary tract 

infection (UTI) were reported with K. pneumoniae and E.coli being the predominant MDR 

isolates. It was further indicated in this study, that the overall prevalence of carbapenemase 

producing enterobactriaceae (CPE) was 2.73% [337]. About 23% prevalence of ESBLs 
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producing E. coli was reported among clinical isolates recovered both from inpatient and 

outpatients of Tikur Anbassa hospital. In this study, increased resistance to commonly used 

drugs was observed among isolates that produce ESBLs as compared to that of non-ESBLs 

producers [338].  

 

Other similar studies conducted among Enterobacteriaceae isolates at Adama Hospital in 

Ethiopia, 25% overall prevalence of ESBLs producers was reported. Among these, E. coli 

was the most common Enterobacteriaceae followed by Proteus spp., Klebsiella spp., E. 

cloacae and Citrobacter spp. in descending order  [328]. A study performed at Jimma 

University Specialized Hospital, in southwest Ethiopia stated high rates of ESBLs production 

(36%) among E. coli clinical isolates [331]. Moreover, a similar study in the same hospital 

reported 38.4% overall prevalence of ESBLs among total E. coli and K. pneumoniae isolates. 

ESBLs was observed in 28.2% and 70.4 % of E. coli and K. pneumoniae respectively [329]. 

1.9.4 ESBLs, AmpCs and carbapenemases in the hospital environment 

Bacterial contamination of medical devices and the inanimate hospital environment is a 

potential risk for nosocomial infections and may serve as a reservoir for cross contamination 

and transmission of resistant bacteria between hands of health professionals, hospital 

equipment and patients [339-341]. Many gram-negative species, such as Escherichia coli, 

Klebsiella spp., Acinetobacter spp., Pseudomonas aeruginosa, Serratia marcescens, and 

Shigella spp., can survive on inanimate surfaces for extended periods and can thus be a 

continuous source of transmission as well as for outbreaks of nosocomial infections [342]. It 

was also indicated that admission to a room previously occupied by patients with multi-drug 

resistant bacteria significantly increases the likelihood of acquiring these resistant bacteria 

[343]. 

 

A survey conducted to investigate hospital environmental contamination by ESBLs 

producing isolates revealed extensive contamination of the environment by extended-

spectrum beta-lactamase-producing Enterobacteriaceae in 26% of cultured surfaces 

(particularly faucets, sink drains, and the joints of the countertops). The molecular study of 

these isolates showed the clonal relatedness between environmental and clinical strains 

indicating the possible cross contamination [339].  
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A study conducted among five environmental surface samples taken from rooms occupied by 

patients carrying ESBLs producing Enterobacteriaceae indicted the potential role of the 

hospital environment in the spread of multi-drug resistant bacteria. This study also showed 

that more than half (55.6%) of the environmental isolates were identical to the isolates 

recovered from the clinical samples indicating the possibility of cross transmission and 

spread of the identical isolates. In the same study, about 19% of the hospitalized children 

infected with ESBL positive Enterobacteriaceae were found to harbor at least one surface of 

their environment contaminated by ESBLs positive Enterobacteriaceae mostly with 

Klebsiella spp. followed by E coli and C. freundii [344].  

 

A similar study conducted in two hospitals reported an environmental contamination with 

ESBL producing Enterobacteriaceae (9%) of all surfaces cultured [340]. In another study 

conducted among  isolates obtained from the hospital wards, procedure rooms and intensive 

care units, the frequency of ESBLs producing E. coli was found to be 10.5% [341]. Hospital 

environmental contamination around patients carrying C. difficile has been also reported. 

This organism was commonly found on floors, hoppers, toilets, bedding, mops, scales and 

furniture [345, 346]. On the other hand, ESBLs producing gram-negative pathogens were 

isolated from the hospital hand wash basins in the absence of any ESBLs infection on the 

wards indicating the potential long-term reservoirs of multi-drug-resistant bacteria and drug 

resistance genes in these environments [347]. 

 

The frequency of ESBL positive isolates recovered from medical devices, inanimate objects 

and various hospital surfaces at the Tebessa hospital in Algeria was found to be 21.4% with 

K. pneumoniae (28.5%), being the most common ESBLs producing isolates followed by E. 

coli (25.4%), S. marcescens (19.2%), K. oxytoca (17.3%), E .cloacae (5.4%), C. freundii 

(16%) and P. mirabilis (15%). According to sites of sampling in the hospital environment, 

various frequency of ESBLs producing strains  were recovered from work surfaces (32.7%), 

toilet seats (26.7%), incubators (20.5%), floor areas (17.8%), baskets (11.3%), sinks (9.3%), 

and bed frames (7.69%) [348]. 

 

Multidrug-resistant pathogens can transfer from a colonized or infected patient to a 

susceptible patient directly or indirectly through the hands of health care workers, 

contaminated hospital surfaces or medical devices [349]. Several studies conducted in 



39 

 

different countries showed the role of medical devices such as electronic thermometers [350], 

latex gloves [351] and  blood pressure cuffs [352] in harboring and transmitting multidrug-

resistant organisms. Evidences from other studies showed the presence of pathogenic bacteria 

on many stethoscopes carried by physicians which could serve as a potential source of 

infection and transmission [353-355].  

 

Study conducted to assess the potential for bacterial transmission by stethoscopes used by 

physicians and health-care workers in Nigeria reported that about 79% of stethoscopes 

surveyed were found to be contaminated with bacteria. In this study, S. aureus was indicted 

to be the most common isolate followed by P. aeruginosa, E. faecalis and E. coli with a 

frequency of 54%, 19%, 14%, and 13% respectively [356]. The results of the study conducted 

at University-affiliated community hospitals demonstrated that most stethoscopes (89%) are 

contaminated with staphylococcal species and are therefore a potential vector of infection 

[353]. In a similar  study, about 80% of the stethoscopes surveyed were found to be 

contaminated with microorganisms primarily of Staphylococcus species [354]. 

 

In a review examining the role of the stethoscope in the transmission of healthcare-associated 

infection (HCAI) reported 85% mean rate of stethoscope contamination across 28 studies 

included. Staphylococcus aureus, Pseudomonas aeruginosa, vancomycin-resistant 

enterococci (VRE), and Clostridium difficile were the potentially pathogenic organisms 

isolated from stethoscopes [357]. Bacterial contamination on 80.1% of the stethoscopes used 

by medical students was reported in one of the studies conducted  in Nigeria in which 

Staphylococcus aureus and Pseudomonas aeruginosa were found to be the major bacterial 

isolates [358].  

2 . Rationale and objectives of the study 

Infectious disease including bacterial infections, are one of the major causes of morbidity and 

mortality in Jimma zone and also in the whole of Ethiopia [186, 359]. The use of 

antimicrobial drugs for the treatment of these infections among health care providers, 

unskilled practitioners, and drug abusers is also very common. This serves as one of the key 

drivers of antibiotic resistance. Moreover, the lack of rational use of antibiotics, wide spread 

self-medication coupled with low awareness of factors contributing to antibiotic resistance 

development and containment strategies accelerate the development and spread of resistant 
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microorganisms in the country [186, 188, 360]. The ever increasing global movement and 

travel of people is another important factor that facilitates the spread of resistant organisms 

across all borders [361].  

 

In Ethiopia, there is evidence for the emergence and increasing prevalence of antibiotic 

resistant bacteria among clinical and environmental isolates [362, 363]. Data from the studies 

conducted in different part of the country revealed the prevalence of antibiotic resistant gram-

negative bacteria ranging between 0 to 100% among the various species of GNB including  

Shigella, Escherichia, Proteus, Pseudomonas, Salmonella, Klebsiella, Campylobacter, 

Citrobacter and Enterobacter and other species recovered from the different clinical 

specimens examined such as stool, blood, urine, ear discharge, swabs from wounds, eye 

discharge, CSF and also environmental samples [335, 362]. A significant proportion of these 

isolates were known to be resistant against the routinely prescribed antimicrobial drugs such 

as ampicillin, cephalothin, chloramphenicol, erythromycin, gentamicin, nalidixic acid, 

tetracycline and trimethoprim-sulfamethoxazole. Moreover, some extreme cases of 

multidrug-resistance were also observed among the isolates [364-371]. 

 

Few of the studies carried out in different parts of Ethiopia indicted the prevalence of ESBLs 

among Enterobacteriaceae in clinical as well as environmental samples [328-331, 335]. 

However, in Ethiopia, there is no information on the genetic background of bacteria and their 

resistant traits is lacking completely. Moreover, there is no comprehensive information about 

the drug resistance patterns of gram-negative bacterial isolates in our study area. Therefore, 

this study was conducted to determine in detail: the phenotypic resistance traits, the 

epidemiology of antibiotic resistance and the genetic background of the resistance. 

 

So far, in many regions of Ethiopia, the infrastructure to determine the antibiotic 

susceptibility of patient isolates is very limited to nonexistent. This means, that regional 

resistance rates and genetic backgrounds of infections remain largely unknown. Therapy is 

performed empirically, most of the time with combinations of different antibiotic substances. 

This approach is responsible for considerable toxic effects on the side of the patients, 

pressure on the microbes to become more resistant as well as increased costs. Over the years, 

rising rates of therapy failures could be observed, caused by clinically multi-resistant 

organisms. A solution to this dilemma is currently not in sight.  
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To allow effective and specific treatment of bacterial infections and to reduce the antibiotic 

pressure on environmental organisms, the therapy should be adapted to the individual local 

conditions. For this, antibiotic susceptibility patterns and the genotypes of the isolates need to 

be known. Further, the most prevalent species for the most common infections have to be 

determined. This study shall elucidate, which gram-negative bacterial species are mainly 

responsible for the most common bacterial infections in JUSH. Those isolates will be 

identified to species level and tested for antibiotic susceptibility. All resistant isolates will be 

further characterized by molecular means to identify their genetic resistance profile. Based on 

the data, the prevalence of antibiotic resistance can be described for the first time in detail in 

Jimma, Ethiopia. Further, guidelines for use of goal-directed antimicrobial therapy can be 

established based on the local circumstances in Jimma zone, reducing cost of therapy and 

resistance pressure on bacteria while improving patient care. Moreover, as part of this study, 

the bacteriology laboratory at JUSH was established to allow continuous testing and 

observation of the developments in future 
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3 Research design, methods and procedures  

A hospital based prospective study was conducted to determine the phenotypic and molecular 

characteristics of clinically relevant gram-negative bacteria isolated from patients attending 

JUSH and from medical devices (stethoscope). 

3.1 Study setting and clinical specimens  

During March to October 2014, a total of 621 Gram-negative rods were recovered from 

various clinical specimens sent to the bacteriology laboratory for routine culture and 

antimicrobial susceptibility testing at JUSH. Of these, the 224 non-duplicate and pure isolates 

obtained from clinically apparent infections were randomly selected and stored in -20°C 

freezers until transport to the Department of Bacteriology, Max von Pettenkofer-Institute 

(LMU), Munich, Germany for further screening and molecular analysis. The specimens were 

collected from the different inpatient and outpatient units of the JUSH, which is the only 

teaching and referral hospital in the southwestern part of Ethiopia, providing health services, 

for approximately 15 million people in the catchment area. The specimens included wound 

samples, urine, biopsies, sputum and others. All impatient clinical specimens were obtained 

after more than 48 hour of hospitalization of the patient. Along with the specimens, basic 

demographic and medical data were recorded using standard clinical and laboratory record 

forms. Moreover, 29 GNB iolates recovered from 51 the stethoscopes were included in the 

study. 

3.2 Inclusion and exclusion criteria  

Inclusion criterion  

Only clinical isolates of gram-negative bacilli isolated from patients found to be the cause of 

an infection and identified to the species level and only gram-negative bacilli recovered from 

stethoscopes were included in the study.  

Exclusion criterion  

Multiple isolates of one type of gram.negative bacilli recovered from a patient and 

stethoscopes were excluded from the study in order to avoid duplications  

3.3 Bacteria isolation, identification and susceptibility testing 

Isolation, identification and susceptibility testing of the bacterial isolates were performed 

using standard microbiological techniques in use at the bacteriology laboratory in JUSH 
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[372]. At the Max von Pettenkofer-Institute (LMU), all isolates were identified again to the 

species level by MALDI-TOF mass spectrometry (MALDI Bioytper, Bruker Daltronik, 

Bremen, Germany, biotyper software package, version 3.0) [373], and then retested for 

antibiotic susceptibilities using VITEK 2 compact automated system (N215 and N248, 

bioMérieux, France) according to the manufacturer’s instructions. The system included an 

Advanced Expert System (AES) that analysed MIC patterns and detected the phenotype of 

organisms. MICs of piperacillin, piperacillin-tazobactam, cefotaxime, ceftazidime, cefepime, 

aztreonam, imipenem, meropenem, amikacin, gentamicin, ciprofloxacin, tobramycin, 

moxifloxacin, fosfomycin, tigecycline, colistin and trimethoprim/sulfamethoxazol were 

determined and interpreted according to EUCAST v4.0 guidelines [374]. 

 

3.4 Screening and phenotypic tests of ESBL, AmpCs and Carbapenemases 

3.4.1. ESBLs screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ceftazidime and/or cefotaxime and/or 

aztreonam were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of ESBL production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.2. AmpC screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to cefoxitine and/or ceftazidime and/or 

cefotaxime were considered as screen positive and subjected to phenotypic and genotypic 

analysis. Phenotypic detection and confirmation of AmpC production was performed with the 

VITEK 2 compact automated system (bioMérieux, France) and MASTDISCSTM 

AmpC/ESBL Detection set (Mast Diagnostica GmbH, Germany) according to the 

manufacturer’s instructions.  

3.4.3. Carbapenemase screening and phenotypic tests 

All isolates with reduced susceptibility or resistance to ertapenem, meropenem and/or 

imipenem were considered as screen positive and subjected to genotypic analysis.   
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3.5 Detection and molecular characterization of β-lactamase genes 

Detection and molecular characterization of the β-lactamase genes was performed on all 

screen positive isolates using Check-MDR CT103 Mircoarray Kits (Check-Points B.V., 

Wageningen, Netherlands) following the manufacturer’s instructions to provide a second line 

of evidence for ESBLs and to determine whether they carried bla genes such as TEM, SHV 

or CTX-M. Further, CTX M groups 1, 2, 8 plus 25, and 9 were identified. In addition, 

mutation analysis of TEM and SHV was performed on the chip to separate wild type (WT) 

alleles from ESBL variants. AmpC alleles CMY, DHA, FOX, MOX, ACC, MIR, ACT as 

well as Carbapenemases such as KPC, NDM-1, VIM, IMP, OXA-48 were also detected using 

the Check-MDR CT103 Mircoarray Kits. Further molecular characterization was performed 

for isolates with reduced susceptibility or resistant phenotype. Bacterial DNA was isolated 

from a single colony using the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Mannheim, Germany) for genetic typing of resistance mechanisms and from 10 ml of 

stationary culture using the NucleoBond PC 20 (MACHEREY-NAGEL, Düren, Germany) 

kit as outlined by the manufacturers.  

 

Real time PCR reactions were performed  to detect for carbapenemases commonly found in 

Acinetobacter spp., which includes OXA-23-like, OXA24/40-like, OXA-51-like and OXA-

58-like genes [375]. Whole genome sequencing was performed by Eurofins Genomics 

(Ebersberg, Germany). Multi locus sequence typing (MLST) was performed in silico using 

the whole genome sequence data according to the Oxford-scheme [376], and the Sequence 

Types (ST) for each strain. The primers used for in silico MLST are detailed in the 

supporting information (see Additional file 1 under annex). The Neighbour-Joining algorithm 

was used to construct the phylogenetic tree with CLC Genomics Workbench 6.5 (CLC bio; 

Aarhus, Denmark). The A. baumannii sequences and the plasmid sequences used for 

comparison were received from the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.-nih.gov/). The strain information and the accession numbers are listed 

in the supporting information (see Additional file 2 under annex). [377]  

Nucleotide accession numbers 

The draft genomes of the three isolates A, B and C have been deposited at 

DDBJ/ENA/GenBank under the accession numbers LWSM00000000, LWSN00000000 and 

LWSO00000000 respectively. 
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3.6 Quality Control  

For ESBL testing, K. pneumoniae ATCC 700603 (ESBL positive), E. coli CCUG62975 

(ESBL positive), E. coli ATCC 25922 (ESBL negative) and P. aeruginosa (ATCC 27853) 

were used as quality control (QC) in all tests. K. pneumoniae NCTC 13443, K. pneumoniae 

NCTC 13438 and K. pneumoniae ATCC 25955 strains were used for the quality control for 

carbapenemase testing. E. coli CCUG 58543, E. coli CCUG62975 and E. coli ATCC 25922 

strains were used for the quality control of AmpC detection tests. 

3.7 Statistical analysis  

Statistical significance for comparison of proportions was calculated by the chi-squared test 

using Statistical Package for Social Sciences (SPSS, version 23, SPSS, Chicago, IL, U.S.A.), 

thereby P < 0.05 was considered statistically significant. 

3.8 Ethical consideration  

The study was approved by Jimma University Ethical Review Board prior to this study. 

Ethical clearance was not required at LMU for the genetic and phenotypic studies with 

isolated bacterial clones recovered from samples taken from patients during regular hospital 

work up at JUSH. 
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4 Result 

4.1 Socio-demographic characteristics  

During the study period between January 2014 and June 2015, a total of 224 non-duplicate 

and pure gram-negative isolates were recovered from routine clinical specimens from 200 

patients with clinically apparent infections. Among the patients, from whom the clinical 

samples were collected, 51.3% were found to be male and 48.7% were female. The mean age 

of patients was 33.5 years with age ranging from <1 year to 75 years. The majority of cases 

were in the age range of 31 to 40 years followed by 21 to 30 years. Distribution of the age 

groups of the patients is given in figure 1. 

 

 

Figure 4.1: Distribution of the age groups of the patients 

 

4.2 Type and distributions of the clinical samples  

Most of the clinical samples were obtained from inpatients (64.5%, n=129) and the remaining 

were from outpatients (35.5%, n=71). Wound swab samples (59.7%, n=77) account for the 

majority of the clinical specimen obtained from inpatient, while urine (87.3%, n=62) account 

for most of the samples obtained from the outpatient department at JUSH. Among the 

inpatients, most of the isolates were recovered from the surgical ward (56.7%, n=85) 

followed by the medical ward (19.3%, n=29) and ICU (17.3%, n=26) (Table 4.1 and Figure 

4.2). 
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Table 4.1: Distributions of the clinical samples in inpatient and outpatient department  

Specimen type  Inpateint Outpatient Total 
No. % No. % No. % 

Wound sample 77 59.7 2 2.8 79 39.5 
Urine 21 16.3 62 87.3 83 41.5 
Biopsy 13 10.1 0 0 13 6.5 
Blood 9 7 0 0 9 4.5 
Stool 0 0 1 1.4 1 0.5 
Body fluid 3 2.3 0 0 3 1.5 
Throat swab 0 0 1 1.4 1 0.5 
Sputum 6 4.7 0 0 6 3 
Vaginal discharge 0 0 4 5.6 4 2 
Eye discharge 0 0 1 1.4 1 0.5 

Total 129 100 71 100 200 100 

 

 

 

 

Figure 4.2: Distributions of the isolate in the different inpatient hospital units 
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Figure 4.3: Distributions of the clinical sample by type of patients 

 

4.3 Distribution of the total clinical GNB species  

Of the total 224 clinically relevant isolates, Enterobacteriaceae and non-fermenting gram-

negative bacilli account for 82.6% (n=185) and 17.4% (n=39) respectively. Escherichia coli 

was the most common isolates representing 46.4% (n=104) followed by Klebsiella 

pneumoniae (13.8%, n=31) and E. cloacae (9.8%, n=22). Table 4.2: 

 

Table 4.2: Distribution and frequency of total clinical gram-negative bacilli according to the 
patient types (n=224) 

Bacteria species 
Inpateint Outpatient Total 

No % No % No % 
E. coli 43 28.7 61 82.4 104 46.4 
K. pneumoniae 29 19.3 2 2.7 31 13.8 
E. cloacae 21 14 1 1.4 22 9.8 
A. baumanii 14 9.3 1 1.4 15 6.7 
P. aeruginosa 12 8 2 2.7 14 6.3 
M. morganii 5 3.3 2 2.7 7 3.1 
P. mirablis 2 1.3 4 5.4 6 2.7 
A. faecalis 5 3.3 0 0 5 2.2 
P. stuartii 5 3.3 0 0 5 2.2 
S. maltophilia 4 2.7 0 0 4 1.8 
K. oxytoca 3 2 0 0 3 1.3 
A. pitti 2 1.3 0 0 2 0.9 
P. vulgaris 2 1.3 0 0 2 0.9 
B. bronchiseptica 1 0.7 0 0 1 0.4 
E. asburiae 0 0 1 1.4 1 0.4 
E. hermani 1 0.7 0 0 1 0.4 
S. mercescens 1 0.7 0 0 1 0.4 
Total 150 100 74 100 224 100 
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Figure 4.4: Percentage of the total clinical gram-negative bacilli isolates (n=224) 

 

 

Figure 4.5: Frequency of total clinical isolates from inpatient and outpatients (n=224) 

 

Most of the isolates were recovered from the surgical ward (37.9%, n=85) which includes 

most Klebsiella spp. (44.1%, n=15), Entrobacter spp. (56.5%, n=13), Acinetobacter spp. 

(58.8%, n=10),  P. aeruginosa (85.7%, n=12), M. morganii (71.4%, n=5), and other species 

(52.9%, n=9) whereas, most E. coli (58.7%, n=61) and Proteus spp. (50%, n=4) were 

recovered from the hospital outpatient department (OPD) (Table 4.3). 
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   Table 4.3: Distribution of gram-negative bacilli species according to hospital units 

Bacterial species 
Surgical Medical Paediatrics ICU Orthopaedics OPD Total 
No %  No %  No %  No %  No %  No %  No 

E. coli 19 18.3 11 10.6 2 1.9 10 9.6 1 1 61 58.7 104 
Klebsiella spp. 15 44.1 13 38.2 1 2.9 3 8.8 0 0 2 5.9 34 
Enterobacter spp. 13 56.5 1 4.3 0 0 7 30.4 0 0 2 8.7 23 
Acinetobacter spp. 10 58.8 1 5.9 1 5.9 3 17.6 1 5.9 1 5.9 17 
P. aeruginosa 12 85.7 0 0 0 0 0 0 0 0 2 14.3 14 
M. morganii 5 71.4 0 0 0 0 0 0 0 0 2 28.6 7 
Proteus spp. 2 25 0 0 1 12.5 1 12.5 0 0 4 50 8 
Other spp*. 9 52.9 3 17.6 0 0 2 11.8 3 17.6 0 0 17 
Total 85 37.9 29 12.9 5 2.2 26 11.6 5 2.2 74 33 224 
*Other species includes A. faecalis, S. mercescens, B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

The majority of the Klebsiella spp. (47.1%, n=16), Entrobacter spp. (69.6%, n=16), 

Acinetobacter spp. (76.5%, n=13), P. aeruginosa (50%, n=7), M. morganii (71.4%, n=5) and 

other species (70.6%, n=12) were isolated from wound samples, while most E. coli (59.6%, 

n=62) and Proteus spp. (62.5%, n=5) were isolated from urine sample (Table 4.4). 

 

Table 4.4: Distribution of gram-negative bacilli species according to clinical samples  

Bacterial  
species 

Wound 
sample 

Urine Biopsy Blood Stool Body 
fluid 

Throat 
swab 

Sputum Vaginal 
discharge 

Eye 
discharge 

Total 

No %  No %  No %  No %  No %  No %  No %  No %  No %  No %  No 
E. coli 22 21.2 62 59.6 3 2.9 9 8.7 1 1 3 2.9 0 0 0 0 4 3.8 0 0 104 
Klebsiella spp. 16 47.1 10 29.4 3 8.8 0 0 0 0 0 0 0 0 5 14.7 0 0 0 0 34 
Enterobacter 
spp. 

16 69.6 3 13 2 8.7 0 0 0 0 0 0 0 0 1 4.3 0 0 1 4.3 23 

Acinetobacter 
spp. 

13 76.5 2 11.8 1 5.9 0 0 0 0 0 0 1 5.9 0 0 0 0 0 0 17 

P. aeruginosa 7 50 2 14.3 4 28.6 0 0 0 0 0 0 0 0 0 0 1 7.1 0 0 14 
M. morganii 5 71.4 2 28.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 
Proteus spp. 3 37.5 5 62.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 
Other spp* 12 70.6 2 11.8 3 17.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17 
Total 94 42 88 39.3 16 7.1 9 4 1 0.4 3 1.3 1 0.4 6 2.7 5 2.2 1 0.4 224 

*Other species includes A. faecalis, S. mercescens,  B. bronchiseptica, P. stuartii, S. maltophilia, E. hermani 

 

4.4 Antibiotics susceptibility and resistance pattern in total clnical GNB isolates 

Of the total  Enterobacteriaceae (n=183), 100% were sensitive to meropenem, 96.7% to 

imipenem, 89.6% to  amikacin, 89.1% to fosfomycine, 86.3% to colistin, 82.5% to 

tigecycline, 68.9% to ciprofloxacin, 62.8% to gentamicin, 61.2% to cefotaxime, 61.2% to 

ceftazidime, 61.2% to cefepime, 61.7% to tobramycin, 61.7% to aztreonam and 46.4% to 

trimethoprim/sulfamethoxazole. Only 6.6% and 3.8% were found sensitive to piperacillin and 

piperacillin/tazobactom, respectively. No Enterobacteriaceae were found resistant to 



51 

 

imipenem and meropenem (as also stated above) and only 5% of Enterobacteriaceae were 

resistance to amikacin. Among the non-fermenters, most isolates showed moderate resistance 

to most antibiotics tested. Low resistance rates were observed for imipenem (7.3%) and 

colistin (2.4%) and no isolates were found resistant to meropenem.  (Table 4.5 for details).  

 

Table 4.5: The percentage of antibiotics susceptibility and resistance pattern in gram-negative 
bacteria 
Bacteria species    PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX TGC FO CL COT

E. coli (n=104)  
S 0 0 88.5 88.5 88.5 89.4 100 100 91.3 89.4 89.4 87.5 88.5 100 99 96.2 64.4 

R 100 18.3 11.5 9.6 5.8 8.7 0 0 1 10.6 10.6 12.5 11.5 0 1 3.8 35.6 

K. pneumoniae 
(n=31)  

S 0 0 3.2 3.2 3.2 3.2 100 100 77.4 9.7 3.2 19.4 19.4 83.9 100 100 6.5 

R 100 61.3 96.8 93.5 71 96.8 0 0 0 90.3 96.8 67.7 80.6 0 0 0 93.5 
other 
Enterobacteriaceae 
(n=48)* 

S 25 14.6 39.6 39.6 39.6 39.6 87.5 100 93.8 39.6 39.6 60.4 50 43.8 60.4 56.3 33.3 

R 75 2.1 56.3 37.5 14.6 37.5 0 0 0 60.4 60.4 22.9 43.8 43.8 39.6 43.8 66.7 

total 
Enterobacteriaceae 
(n=183)  

S 6.6 3.8 61.2 61.2 61.2 61.7 96.7 100 89.6 62.8 61.7 68.9 66.7 82.5 89.1 86.3 46.4 

R 93.4 21.3 37.7 31.1 19.1 31.1 0 0 0.5 37.2 38.3 24.6 31.7 11.5 10.9 13.7 53.6 

Acinetobacter spp. 
(n=15)  

S IE IE - - - - 73.3 73.3 93.3 13.3 20 33.3 - IE - 93.3 53.3 

R IE IE - - - - 20 0 6.7 86.7 80 66.7 - IE - 6.7 46.7 

P. aeruginosa 
(n=14)  

S 57.1 57.1 - 71.4 50 0 85.7 85.7 71.4 42.9 42.9 42.9 - - - 100 - 

R 42.9 42.9 - 28.6 50 42.9 0 0 28.6 57.1 57.1 50 - - - 0 - 
other Non-
Fermenters 
(n=12)**  

S 25 25 0 0 0 16.7 58.3 66.7 58.3 16.7 25 0 8.3 0 0 16.7 50 

R 16.7 8.3 0 0 0 33.3 0 0 0 41.7 41.7 16.7 33.3 0 0 0 0 

Total non-
fermenter (n=41)  

S 26.8 26.8 0 24.4 17.1 4.9 73.2 75.6 75.6 24.4 29.3 26.8 - - 0 73.2 34.1 

R 19.5 17.1 0 9.8 17.1 24.4 7.3 0 12.2 63.4 61 46.3 - - 0 2.4 17.1 

Total (n=224)  
S 10.3 8 50 54.5 53.1 51.3 92.4 95.5 87.1 55.8 55.8 61.2 54.9 67.4 72.8 83.9 44.2 

R 79.9 20.5 30.8 27.2 18.8 29.9 1.3 0 2.7 42 42.4 28.6 27.7 9.4 8.9 11.6 46.9 
Key: PI: piperacillin; PIT: piperacillin/tazobactom; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.; S: sensitive; R: resistant; -: no 
breakpoints(Susceptibility testing is not recommended; IE:insufficient evidence. *other Enterobacteriaceae includes P. vulgaris, 
S. mercescens, E. hermani, K. oxytoca, P. stuartii, P. mirablis, M. morganii, E. asburiae, E. Cloacae. **other Non-Fermenters 
includes B. bronchiseptica, S. maltophilia, A. faecalis 

 
 

4.5 Detection and molecular characterization of ESBLs 

4.5.1 Screening of ESBLs producing GNB 

Of the total 224 gram-negative bacterial strains, 112 (50%) of the isolates showed resistance 

or reduced susceptibility to at least one of the indicator cephalosporins tested and/or 

aztreonam and were considered as screen positive for ESBLs. These isolates consisted of 73 

Enterobacteriaceae (31 Klebsiella pneumoniae, 2 Klebsiella oxytoca, 14 Enterobacter 

cloacae, 13 Escherichia coli, 5 Providencia stuartii, 4 Proteus mirabilis, 3 Morganella 

morganii, and 1 Escherichia hermanii) and 39 non-fermenting gram-negative bacilli (14 
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Acinetobacter baumanii, 2 Acinetobacter pitti, 1 Acinetobacter haemolyticus, 14 

Pseudomonas aeruginosa, 3 Alcaligenes faecalis, 4 Stenotrophomonas maltophilia and 1 

Bordetella bronchiseptica). The majority of these isolates were recovered from two types of 

specimens; wound- (54.5%, n=61) and urine samples (26.8%, n=30), which together account 

for 81.3 % (n=91) of the total isolates. The remaining 21 isolates were from biopsy samples 

(10.7%, n=12), sputum (5.4%, n=6) and other specimens (2.7%, n=3) including throat swabs, 

vaginal discharge and eye discharge. The majority (83.9%, n=94) of these isolates were 

obtained from inpatients which included all wound samples, biopsy samples, sputum, and 

50% (n=15) of urine specimens. The remaining 15 urine samples, one throat swab, vaginal 

discharge and eye discharge were collected from patients that visited the hospital outpatient 

departments (OPD). More than half of the inpatient isolates were obtained from surgical 

wards (60.6%, n=57) followed by medical wards (21.3%, n=20) and intensive care units 

(ICU) (11.7%, n=11). The other six specimen were obtained from pediatrics (n=5) and 

orthopedics department. The 112 isolates were collected from 100 patients; 90 (90%) of 

patients yielded one isolate for inclusion whereas ten (10%) patients yielded multiple species 

(eight patients with two species and two with three species).  

4.5.2 Frequency of ESBLs phenotype 

Phenotypic ESBL production was observed in 62.5% (n=70) and 66.1% (n=74) of the total 

screen positive isolates (n=112) using VITEK 2 compact automated system (bioMérieux, 

France) and MASTDISCSTM combination disc test, respectively. 

4.5.3 Frequency and distribution of ESBLs encoding genes 

Of the total 112 screen positive isolates, 63.4% (n=71) were positive for ESBL encoding 

genes by Check-MDR array, which corresponds to 91.8% (67/73) of the total 

Enterobacteriaceae and 10.3% (4/39) of lactose non-fermenting gram-negative bacilli which 

includes 3 P. aeruginosa and 1 A. faecalis. No ESBL alleles were detected among 

Acinetobacter spp., S. maltophilia and B. bronchiseptica (Table 4.7). Specimen wise, 60.7% 

(n=37) of isolates from wound samples, 63.3% (n=19) from urine, 66.7% (n=8) from biopsy 

samples and all the isolates obtained from sputum samples (n=6) as well as eye discharge 

(n=1) were positive for ESBLs encoding genes. Among total inpatient (n=94) and outpatient 

(n=18) isolates, ESBL genes were detected in 68.1% and 38.9% of the isolates respectively. 

The comparison of the difference in proportion should be taken with caution as convenient 

sampling was used and most specimens were obtained from inpatients. Four patients had two 
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different ESBL-positive isolates (E. cloacae and K. pneumoniae in three cases and P. 

aeruginosa and A. faecalis in one case).  

4.5.4 Frequency and distribution of blaCTX-M genes 

From a total of 71 isolates carrying ESBLs encoding genes, 68 (95.8%) isolates carried CTX-

M genes either alone or in combination with SHV and/or TEM genes, which were observed 

in 78.9% (n=56) and 45.1% (n=32) of the total isolates respectively. Sixty-four out of 67 

(95.5%) Enterobacteriaceae and all (n=4) non-fermenting gram-negative bacilli carrying 

ESBL encoding genes were positive for CTX-M. The remaining three isolates (4.2%) 

negative for CTX-M carried SHV type ESBLs (238S+240K) and were found to be E. cloacae 

obtained from wound samples. All TEM and SHV ß-lactam genes detected were wild type 

except the five 238S+240K SHV type ESBLs. Three of the five were detected in E. cloacae 

in combination with wild type TEM. The other two were detected in one E. coli and K. 

pneumoniae isolate along with CTX-M genes (Table 4.7, Figure 4.6 & 4.7).  CTX-M group 1 

was the most dominant CTX-M Geno-group detected in 66 of 68 (97.1%) CTX-M positive 

isolates, either alone (n=63, 92.6%) or in combination with other geno-groups (n=3, 4.5%). 

The combinations included group 1+2 (n=1), group 1+9 (n=1), group 1+2+8+25 (n=1). The 

remaining 2 of 68 (2.9%) CTX-M positive isolates carried CTX-M group 9 alone. In total, 

CTX-M group 1 was by far the most frequent genotype among CTX-M positive E. coli 

(92.3%), K. pneumoniae (100%), and other Enterobacteriaceae (95.2%), as well as among all 

the P. aeruginosa (n=3) (Table 4.6, figure 4.6, 4.7, 4.8 & 4.9).  

 

 

 

Figure 4.6: Relative frequency of ESBLs genotype among total isolate positive for ESBLs 
encoding genes (n=71) 
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Figure 4.7: Relative frequency of ESBLs genotype among total ESBLs gene positive E. coli 
(n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and P. aeruginosa (n=3)  
 

 

 

Figure 4.8: Relative frequency of CTX-M geno-groups among total blaCTX-M positive 
gram-negative bacilli (n=68) 
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Figure 4.9: Relative frequency of CTX-M geno-groups among blaCTX-M E. coli (n=13), K. 
pneumoniae (n=30), other Enterobacteriaceae (n=21) and P. aeruginosa (n=3) 
 

 

Table 4.6: Frequency and distribution of CTX-M geno-groups among CTX-M positive gram-
negative bacilli isolates (n=68) 

 
CTX-M positive 
species  

CTX-M geno-groups (total) CTX-M geno-group combinations 
CTX-M  
1 

CTX-M   
2 

CTX-M 
8+25 

CTX-M   
9 

CTX-M  
1 alone  

CTX-M 
1+2 

CTX-M 
1+9 

CTX-M 
1+2+8+25 

CTX-M  
9 alone 

n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 12 92.3 0 0 0 0 2 15.4 11 84.6 0 0 1 7.7 0 0 1 7.7 
K. pneumoniae 
(n=30) 

30 100 1 3.3 0 0 0 0 29 96.7 1 3.3 0 0 0 0 0 0 

other 
Enterobacteriacea
e* (n=21) 

20 95.2 0 0 0 0 1 4.8 20 95.2 0 0 0 0 0 0 1 4.8 

P. aeruginosa 
(n=3) 

3 100 1 33.3 1 33.3 0 0 2 66.7 0 0 0 0 1 33.3 0 0 

Other Non-
Fermenters** 
(n=1) 

1 1/1 0 0 0 0 0 0 1 1/1 0 0 0 0 0 0 0 0 

Total (n=68) 66 97.1 2 2.9 1 1.5 3 4.4 63 92.6 1 1.5 1 1.5 1 1.5 2 2.9 
* includes 9 E. cloacae, 3 M. morganii, 4 P. mirablis, 2 P. stuartii, 2 K. oxytoca and 1 E. hermani 
** includes 1 A. faecalis  
 

4.5.5 Combinations of CTX-M with other ß-lactamase genes 

Multiple ß-lactamase genes in a single strain were observed in 83.1% (n=59) of the total 

isolates carrying ESBL encoding genes. (Table 4.7, Figure 4.10 & 4.11). From a total of 68 

CTX-M positive isolates, 12 (17.6%) harbored CTX-M alone. The remaining 56 (82.4%) 
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isolates carried CTX-M in combination with one or more other bla gene. The most frequent 

combinations were CTX-M+TEM (41.2%) followed by CTX-M+TEM+SHV (36.8%) and 

CTX-M+SHV (4.4%). The most frequent combinations among CTX-M positive E. coli 

(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) were CTX-M+TEM 

(69.2%), CTX-M+TEM+SHV (80%) and CTX-M+TEM (76.2%), respectively.  

 

 

Figure 4.10: Relative frequency of bla gene combination among total ESBLs genes positive 
gram-negative bacilli isolates (n=71) 
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Figure 4.11: Absolute frequency and distribution of bla gene combination among the ESBLs 
genes positive E. coli (n=13), K. pneumoniae (n=30), other Enterobabcteriaceae (n=24) and 
P. aeruginosa (n=3) 
 

Table 4.7: Distribution and combinations of bla genes among screen and ESBLs gene positive 
gram-negative bacilli isolates 

Screen positive 
species 

bla gene positive among ESBL gene positive isolates 

TEM Wt SHV Wt ESBL 
SHV 240K 
+238S 

CTX-M 
 

CTX-M 
alone 

CTX-M 
+TEM 

CTX-M 
+SHV 

CTX-M 
+ 
TEM+SHV 

TEM 
+SHV 

n: % n: % n: % n: % n: % n: % n: % n: % n: % n: % 
E. coli (n=13) 10 76.9 1 7.7 13 100 1 7.7a 13 100 3 23.1 9 69.2 0 0 1 7.7 0 0 
K. pneumoniae 
(n=31) 

25 80.6 26 83.9 30 96.8 1 3.3a 30 100 3 10 1 3.3 2 6.7 24 80 0 0 

other 
Enterobacteriaceae* 
(n=29) 

20 69 3 10.3 24 82.7 3 12.5b 21 87.5 5 20.8 16 66.7 0 0 0 0 3 12.5 

P. aeruginosa (n=14) 1 7.1 1 7.1 3 21.4 0 0 3 100 1 33.3 1 33.3 1 33.3 0 0 0 0 
other  
non-fermenters** 
(n=25) 

1 4 0 0 1 4 0 0 1 1/1 0 0 1  0 0 0 0 0 0 

Total (n=112) 57 50.9 31 27.7 71 63.4 5 7 68 95.8 12 16.9 28 39.4 3 4.2 25 35.2 3 4.2 

* includes 14 E. cloacae, 3 M. morganii, 4 P. mirablis, 5 P. stuartii, 2 K. oxytoca and 1 E. hermanii 
** includes 17 Acinetobacter species (14 A. baumanii, 2 A.  pitti &  1 A. haemolyticus), 3 A. faecalis, 4 S. 
maltophilia and 1 B. bronchiseptica.  a occurs with CTX-M,  b occurs with wild type TEM.   .Key; Wt: wild type 

4.5.6 Antibiotic susceptibility pattern of CTX-M positive GNB isolates 

The antibiotic susceptibility testing for CTX-M-positive Enterobacteriaceae isolates showed 

very low susceptibility against cephalosporins according to EUCAST rules (ceftazidme 1.6%, 

cefepime 1.6%, cefotaxime 1.6% and aztreonam 1.6%). Whereas, susceptibilities against 
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carbapenems were found to be very high (meropenem 98.4% and imipenem 96.9%) followed 

by fosfomycin (89.1%) and colistin/polymyxin B (84.4%), amikacin (71.9%) and tigecycline 

(70.3%). In terms of the resistance profile, the highest level of antibiotic resistances were 

seen, in descending order, against piperacillin (100%), cefotaxime (98.4%), cefepime 

(96.9%), ceftazidme (96.9%), aztreonam (96.9%), tobramycin (92.2%), trimethoprim-

sulfamethoxazole (92.2%), gentamicin (89.1%), and quinolones (75%).  On the other hand, 

no isolates showed full resistance to imipenem and meropenem, and only 3.1% and 1.6% 

tested intermediate for the substance respectively. Low resistance rates were also seen against 

colistin/polymyxin B (15.6%), tigecycline (14.1%), fosfomycin (10.9%) and amikacin 

(1.6%), suggesting the effectiveness of these antibiotics against blaCTX-M carrying isolates. 

Amikacin ranks third regarding susceptibility rates after imipenem and meropenem (Table 

4.8, Figure 4.12 & 4.13 for details). All the three CTX-M positive P. aeruginosa isolates 

revealed, besides their intrinsic resistances, complete non-susceptibility against ciprofloxacin 

and fosfomycin. Moreover, two out of three isolates were also resistant against 

piperacillin/tazobactam. On the other hand, imipenem, meropenem and colistin/polymyxin B 

may be the most efficient anti-pseudomonal agents, as no isolate showed resistance to these 

antibiotics, although the sample size is rather small (Table 4.8 for details).  

 

Table 4.8: In vitro antimicrobial susceptibility pattern of CTX-M-positive gram-negative bacilli 
isolates (n=68) 
 
Species  

CTX-M positive isolate - %  susceptibility and % resistance 

PI PIT CTXCAZCPMAT IMP MRPAK HLG TOBCIP MOXFO TGCCL COT 

E. coli (n=13) S 0 0 7.7 7.7 7.7 7.7 100 92.3 38.523.1 23.1 7.7 15.4 92.3 100 92.3 15.4 

R 100 30.8 92.3 92.3 92.3 92.3 0 0 7.7 76.9 76.9 92.3 84.6 7.7 0 7.7 84.6 

K. pneumoniae (n=30) S 0 0 0 0 0 0 100 100 76.710 3.3 20 20 100 83.3 100 6.7 

R 100 60 100 96.7 96.7 96.7 0 0 0 90 96.7 66.7 80 0 0 0 93.3 

Other Enterobacteriaceae
 (n=21) 

S 0 4.8 0 0 0 0 90.5 100 85.74.8 4.8 42.9 33.3 71.4 33.3 57.1 4.8 

R 100 4.8 100 100 100 100 0 0 0 95.2 95.2 28.6 61.9 28.6 42.9 42.9 95.2 

Total Enterobacteriaceae 

(n=64) 
S 0 1.6 1.6 1.6 1.6 1.6 96.9 98.4 71.910.9 7.8 25 23.4 89.1 70.3 84.4 7.8 

R 100 35.9 98.4 96.9 96.9 96.9 0 0 1.6 89.1 92.2 59.4 75 10.9 14.1 15.6 92.2 

P. aeruginosa (n=3) S 33.3 33.3 0 66.7 33.3 0 66.7 66.7 66.733.3 33.3 0 0 0 0 100 0 

R 66.7 66.7 100 33.3 66.7 66.7 0 0 33.366.7 66.7 100 100 100 100* 0 100 

A. faecalis**(n=1)  R S S S S R S S S R R - R - - - - 

Total (n=68) S 1.5 4.4 1.5 4.4 2.9 1.5 95.6 97.1 72.111.8 8.8 23.5 22.1 83.8 66.2 83.8 7.4 

R 98.5 36.8 97.1 926 94.1 95.6 0 0 2.9 88.2 91.2 60.3 76.5 14.7 17.6 14.7 91.2 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; 
IMP: imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: 
moxifloxacin; FO: fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol.  N: number of isolates; 
S: sensitive; R: resistant; *some are inrnsic such as TGC(see also tables and comments above);  **A single isolate of A. 
faecalis   
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Figure 4.12: Bar graph showing the susceptibility pattern of CTX-M-positive 

Enterobacteriaceae isolates (n=64) against the 17 different antibiotics tested 
 
 
 

 

Figure 4.13: Bar graph showing the non-susceptibility (combined resistant and intermediate 
susceptibility) pattern of the CTX-M positive Enterobacteriaceae (n=64) isolates against the 
17 different antibiotics tested 
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4.5.7 Co-resistance (co-non-susceptibility) to non-ß-lactam antibiotics  

All the CTX-M-positive Enterobacteriaceae (n=64, 100%) and P. aeruginosa (n=3, 100%) 

were non-susceptible to ≥ 1 agent in ≥ 3 antimicrobial categories and hence defined as 

multidrug resistant (MDR) according to the international expert proposal for interim standard 

definitions for acquired resistance promoted by the European Centre for Disease Prevention 

and Control (ECDC) [378].  About 92.2%, 78.1% and 92.2% of CTX-M-positive 

Enterobacteriaceae and 2/3 (66.7%), 3/3 (100%) and 2/3 (66.7%) CTX-M-positive P. 

aeruginosa were found to be non-susceptible (co-resistant) to aminoglycosides, 

fluoroquinolones and trimethoprim-sulfamethoxazole, respectively (Figure 4.14).  

 

4.5.8 Non-susceptibility pattern in CTX-M and non-CTX-M genes carrying isolates  

Both CTX-M and non-CTX-M producing Enterobacteriaceae isolates have comparable non-

susceptibility pattern against piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and   colistin/polymyxin B (P >0.05). However, the non-susceptibility rate to piperacillin, 

(98.5% vs. 72.4%), cefotaxim (98.4% vs. 7.6%), ceftazidim (96.9% vs. 7.6%), cefepim 

(96.9% vs. 7.6%), aztreonam (95.3% vs. 7.6%),  amikacin (28.1% vs. 0.8%), gentamicin 

(89.1% vs. 10.1%), tobramycin (92.2% vs. 9.2%), ciprofloxacin (75% vs. 7.6%), 

moxifloxacin (76.6% vs. 10.1%), tigecycline (29.7% vs. 10.9%), 

trimethoprim/sulfamethoxazole (92.2% vs. 33.6%) were all significantly higher among CTX-

M-positive isolates compared to non-CTX-M carrying isolates (P<0.05). All the non-CTX-M 

isolates were also non-ESBLs except three isolates expressing SHV type ESBLs which didn’t 

affect the other non-susceptibility pattern (Figure 4.15).  
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Figure 4.14: Bar graph showing the non-susceptibility pattern of the CTX-M-positive E. coli 
(n=13), K. pneumoniae (n=30) and other Enterobacteriaceae (n=21) against 
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. 
 

 

Figure 4.15: Non-susceptibility pattern of blaCTX-M (n=64) and non-blaCTX-M (n=119) 
Enerobacteriaceae isolates against the 17 different antibiotics tested.  
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4.6 Detection and molecular characterization of AmpC ß-lactamases 

4.6.1 Frequency and distribution of AmpC ß-lactamases in GNB isoltes 

A total of 122 clinical isolates of gram-negative bacteria were screened for AmpC ß-

lactamase production based on their reduced susceptibility or resistance phenotypes to 

cefoxitin and/or cefotaxime and/or ceftazidime. Of these, 23% (n=28) of the isolates were 

found positive for AmpC genes using the check-MDR assay. The highest percentage of 

AmpC ß-lactamase genes occurred in E. cloacae (39.3%, n=11) followed by A. baumanii 

(17.9%, n=5). Other organisms found positive for AmpC gene were E. coli (14.3%, n=4), M. 

morganii (14.3%, n=4), K. pneumonia (3.6%, n=1), P. aeruginosa (3.6%, n=1), P. mirablis 

(3.6%, n=1), A. faecalis (3.6%, n=1). 

4.6.2 Frequency and distribution of AmpCs encoding genes  

A total of 30 AmpC genes belonging to different families were detected in 28 clinical 

isolates. The distributions of the detected AmpC genes were as follows: 16 genes belonged to 

ACT/MIR, 12 genes belonged to DHA and one each belongs to CMY and FOX.  Some of the 

isolates harbored two AmpC genes. One isolates of E. cloacae (blaDHA+blaACT/MIR) and 

A. faecalis (blaDHA and blaFOX) harbored 2 genes simultaneously (Figure 4.16). 

 

 

 

Figure 4.16:  Distribution of AmpCs genotype among GNB isolates 
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4.6.3 Antibiotic susceptibility pattern of AmpCs genes positive GNB isolates 

Most of the AmpC genes positive gram-negative isolates were sensitive to meropenem 

(92%), imipenem (89.3%) and amikacin (82.1%). On the other hand, the isolates carrying 

AmpC genes were found resistant to other antimicrobials to varying rates: piperacillin 

(71.4%), cefotaxime (78.6%), ceftazidime (75%), cefepim (78.6%), aztreonam (78.6%), 

gentamicin (78.6%), tobramycin (78.6%), trimethoprim/sulfamethoxazole (75%), 

ciprofloxacin (42.9%), moxifloxacin (67.9%) andfosfomycine (46.4%) (Table 4.9). 

 

Table 4.9: Antibiotic susceptibility and resistance pattern of AmpCs genes positive gram-
negative bacilli isolates 
Bacteria species 

 
PI PIT CTX CAZ CPM AT IMP MRP AK HLG TOB CIP MOX FO TGC CL COT 

E. coli (n=4) 
S 0 0 25 25 25 25 100 75 25 25 25 25 50 75 100 75 25 
R 100 25 75 75 75 75 0 0 25 75 75 75 50 25 0 25 75 

K. pneumonia 
(n=1) 

S 0 0 0 0 0 0 1/1 1/1 1/1 0 0 1/1 1/1 1/1 0 1/1 0 
R 1/1 1/1 1/1 1/1 1/1 1/1 0 0 0 1/1 1/1 0 0 0 0 0 1/1 

other 
Enterobacteriaceae 
(n=16)* 

S 12.5 0 18.8 18.8 18.8 18.8 100 100 93.8 31.3 31.3 43.8 31.3 62.5 37.5 68.8 18.8 

R 87.5 0 75 75 75 75 0 0 0 68.8 68.8 31.3 62.5 37.5 43.8 31.3 81.3 

Acinetobacter spp. 
( n=5) 

S IE IE - - - - 60 60 100 0 0 40 - - IE 100 40 
R IE IE - - - - 20 0 0 100 100 60 - - IE 0 60 

P. aeruginosa 
(n=1) 

S 1/1 1/1 - 1/1 0 0 1/1 1/1 0 0 0 0 - - - 1/1 - 
R 0 0 - 0 1/1 0 0 0 1/1 1/1 1/1 1/1 - - - 0 - 

A. faecalis (n=1) 
S 0 1/1 0 0 0 0 1/1 1/1 1/1 0 0 0 0 0 0 0 0 
R 0 0 0 0 0 1/1 0 0 0 1/1 1/1 0 1/1 0 0 0 0 

 
Total(n=28) 

S 10.7 7.1 14.3 17.9 14.3 14.3 92.9 89.3 82.1 21.4 21.4 39.3 28.6 50 35.7 75 21.4 
R 71.4 10.7 78.6 75 78.6 78.6 3.6 0 7.1 78.6 78.6 42.9 67.9 46.4 28.6 21.4 75 

Key: PI: piperacillin; PIT: piperacillin/tazobactam; CTX: cefotaxime; CAZ: ceftazidime; CPM: cefepime; AT: aztreonam; IMP: 
imipenem; MRP: meropenem; AK: amikacin; HLG: gentamicin; TOB: tobramycin; CIP: ciprofloxacin; MOX: moxifloxacin; FO: 
fosfomycine; TGC: tigecycline; CL: colistin; COT: trimethoprim/sulfamethoxazol. n: number of isolates; S: sensitive; R: 
resistant. -: no breakpoints (Susceptibility testing is not recommended; IE: insufficient evidence *other Enterobacteriaceae 
includes E. cloacae, A. baumanii, M. morganii, P. mirablis 

 

4.7 Phenotypic detection and molecular characterization of carbapenemases 

This part of the thesis has been published with title “First report on blaNDM-1-producing 

Acinetobacter baumannii in three clinical isolates from Ethiopia in BMC Infectious 

Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9”.  

 

Of the total of 224 pure gram-negative clinical isolates obtained from clinically apparent 

infections from routine clinical specimens in Jimma. Out of these, 14 could be identified as 

Acinetobacter baumannii. Three of the 14 Acinetobacter baumannii were found to be 

meropenem resistant and NDM-1 positive. The samples originate from three independent 

inpatients (A–C) attending the surgical department of JUSH.  
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4.7.1 The patient’s characteristics of the three NDM-1-carrying strains  

Table 4.10 shows the basic demographic and medical data of the three patients. The hospital 

stay of patients’ A and C was at similar dates. Patients A and B recovered, the death of 

patient C was attributed to generalized infection with the NDM-1 expressing organism. 

Patient A suffered from hematopneumothorax and developed pleuritis growing high densities 

of pure Acinetobacter baumannii culture from putrid pleural fluid. She was treated with high 

dose trimethoprim/sulfamethoxazole after the antimicrobial susceptibility test result was 

available and improved with the therapy. This patient could be treated and survived the 

infection, whereas patient B and C did not offer any treatment option given the available 

drugs in JUSH. Patient C developed peritonitis after surgical intervention and grew 

predominantly Acinetobacter baumannii from peritoneal fluid. He died due to overwhelming 

systemic infection, whereas the otherwise young and healthy patient B growing pure 

Acinetobacter baumannii culture from an inguinal abscess was able to fight off the infection. 

During the course of infection, the process remained localized and treatment was given with 

antimicrobials which were tested resistant in the isolate. 

 

     Table 4.10: Basic demographic and medical data of patients A-C 

Patient A B C 

Age 30 33 58 

Gender Female Male Male 

Patient type Inpatient Inpatient Inpatient 

Department ICU, surgical department surgical department ICU 

Underlying disease Hypertension None Asthma bronchiale 

Clinical diagnosis Hemopneumothorax Inguinal abscess Generalized peritonitis 
secondary to PUD and 
bronchial asthma, 
laparotomy 

Specimen type Fluid from 
hemopneumothorax 

Abscess fluid/drain Peritoneal swab 

Antibiotics used 
during hospital stay 

cotrimoxazol, ceftriaxone, 
metronidazol, ciprofloxacin, 
flucloxacillin 

ceftazidime, 
cloxacillin, 
chloramphenicol 

ceftriaxone, metronidazol, 
cloxacillin 

Travel history None None None 

Outcome Improved Improved Died 
    Note: Treatment with substance tested susceptible depicted in bold. 
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A summary of the antimicrobial susceptibility test results of the three blaNDM-1 -carrying 

isolates can be seen in table 4.11. One strain was found to differ regarding the susceptibility 

against trimethoprim/sulfamethoxazol (MIC 0.25 µg/ml vs. 32 µg/ml). Otherwise, the 

antimicrobial susceptibility patterns were identical, in all thre methods, VITEK automated 

testing, E-test as well as disc diffusion wherever applicable. Disc diffusion testing was 

performed on MH agar (Mueller-hinton Hinton Agar, Becton Dickinson, Heidelberg, 

Germany) according to EUCAST v 4.0 criteria [379] and was read on an automated, camera 

based system (AdagioTM, Bio-Rad Laboratories GmbH, Munich, Germany). Growth of the 

three isolates was detected without any inhibition zone for chloramphenicol, ciprofloxacin, 

erythromycin, amoxicillin, cefoxitin, ceftazidime, cefepime and gentamicin. One isolate (B) 

showed an inhibition of 1 mm around the meropenem disc, the others did not. The raw values 

are detailed in table (Table 4.11.) Of the substances with inhibition zones, EUCAST v 4.0 

only offers cutoff values for disc diffusion for meropenem (S ≥ 21; R < 15 mm), 

ciprofloxacin (S ≥ 21; R < 21 mm), amikacin (S ≥ 18; R < 15 mm) and 

trimethoprim/sulfamethoxazole (S ≥ 16; R < 13 mm). The susceptibility determined with 

VITEK as well as E-test was confirmed by sufficient inhibition zones against amikacin (22, 

23, 23 mm respectively) and trimethoprim/sulfamethoxazole for one isolates (25 mm). 

Remarkably, there was an inhibition zone around the tetracycline disc of 18, 20 and 21 mm 

respectively, which corresponds to a MIC determined by E-test of 12 µg/ml (Table 4.11). 

Despite the inhibition zone there cannot be any expected in vivo effectivity as tissue and 

serum levels even in high doses at peak concentrations should not exceed 5 µg/ml [380]. 
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Table 4.11: Antimicrobial susceptibility testing results for the Acinetobacter baumannii strains 
Antimicrobial compound MICbreakpoint 

(µg/ml)  
Isolate A Isolate B Isolate C 
µg/ml Mm µg/ml mm µg/ml mm 

  S ≤ R > A. baumannii A. baumannii A. baumannii 

chloramphenicol - - >256 n.a. >256 n.a. >256 n.a. 

fosfomycin - - >256 - >256 - >256 - 

ciprofloxacin 1 1 >32 n.a. >32 n.a. >32 n.a. 

erythromycin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin - - >256 n.a. >256 n.a. >256 n.a. 

amoxicillin/clavulanic acid - - >256 12 >256 13 >256 14 

cefoxitin - - >256 n.a. >256 n.a. >256 n.a. 

ceftazidime - - >256 n.a. >256 n.a. >256 n.a. 

cefepime - - >256 n.a. >256 n.a. >256 n.a. 

meropenem 2 8 >32 n.a. >32 8 [21/15] >32 n.a. 

aztreonam - - >256 - >256 - >256 - 

amikacin 8 16 3 22 [18/15] 3.5 23 [18/15] 3.5 23 [18/15] 

gentamicin 4 4 32 n.a. 32 n.a. 32 n.a. 

trimethoprim/sulfamethoxazole 2 4 0,25 25 [16/13] 32 n.a. 32 n.a. 

polymyxin B 2 2 1,5 13 1 17 1 17 

tetracycline - - 12 18 12 20 12 21 
Note: Breakpoints and testing according to EUCAST v 4.0 [379]. Treatment options printed in bold. Disc diffusion 
diameters in mm in second column; n.a.: no inhibition around disc 6mm); -:not performed; Disc diffusion diameter cutoff 
values shown in brackets in respective relevant fields, if no cutoff values are shown EUCAST v 4.0 does not indicate a cutoff 
value. 
 
 
 

 

 

Figure 4.17: MLST-based phylogenetic tree using the Oxford-scheme. The sequence 
types, countries and years of isolation are indicated when known. Green asterisks indicate the 
proven presence of an NDM-1-plasmid (Isolate A, Isolate B, Isolate C, 6200, B11911, A1, 
ZW85-1). The scale-bar represents the number of SNPs per nucleotide. 
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To assess the transferability of the NDM-1 carrying genetic element to other 

Enterobacteriaceae, conjugation experiments against three different polymyxin B resistant E. 

coli mutant strains were conducted. Polymyxin B resistant mutants were chosen to allow for 

efficient selection of transformant E. coli strains, as the donor organism was resistant to 

almost all other substances. Conjugation was performed by co-cultivation of the two 

organisms in high density on solid Columbia 5% blood media (Becton Dickinson, 

Heidelberg, Germany) for different time periods, as well as in liquid media. Counter selection 

was performed with Polymyxin B. To enhance transformation efficiency, F+ strains were also 

employed. However, up to now, the blaNDM-1 gene could not be transferred to E. coli. This 

observation is obviously not sufficient to conclude that transfer might not occur between 

Acinetobacter strains or in accordance with the limited spread within the isolates encountered 

in Jimma. It might also be explained by low mobilization rates and chromosomal location of 

the gene. On the other hand, transposases were found in silico adjacent to the NDM-1-

cassette and plasmid mobilization as well as pilus assembly genes showed up in the sequence 

data of the strain. 

4.7.2  Genetic traits and Acinetobacter baumannii phylogeny 

Upon sequencing, the three isolates exhibited an identical pattern regarding their MLST 

profile. It was identified to be ST957 (http://pubmlst.org/abaumannii/). Already published A. 

baumannii strains from Kenya had different STs indicating a different origin [381]. The 

nearest ancestor we could identify was strain 6200 isolated in Columbia in 2012 which was 

also grouped as ST957. While no single nucleotide polymorphism (SNP) was detected in the 

analyzed housekeeping genes (concatenated sequence length: 4.284 bp) of the respective 

three isolates, the comparison to strain 6200 revealed 28 SNPs. Although a difference in 

trimethoprim/ sulfamethoxazole resistance was found (Table 4.11), it is very possible, that 

these three isolates isolated in Jimma hospital from independent patients could reflect clonal 

diffusion. The phylogenetic tree for the documented genomes including isolates A, B and C is 

shown in figure 4.17. All three isolates also harboured the same 115 kb plasmid (without 

NDM-1) found in strain 6200, p6200 (NCBI accession number NZ_CP010398), 

corroborating the relationship to this strain. 
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Figure 4.18: Gene-map of the NDM-1 cassette as sequenced in the three isolates from 
Ethiopia. The sequence was found to be identical to published sequences of NDM-1 in other 
organisms isolated from multiple places on different continents. There are clearly identifiable 
transposase genes as well as other antibiotic resistance genes in close proximity of NDM-1; 
PRAI: phosphoribosylanthranilate isomerase; TAT: twin-arginine translocation pathway. 
 

Unfortunately, we were unable to isolate or sequence the full length of the larger blaNDM-1 

containing gene segment, most likely due to its vast size and repetitive sequence motifs. It is 

thus also possible, that the blaNDM-1 cassette was chromosomally encoded as has also been 

described in other strains and thus less easily transferred to other strains [382, 383]. The inner 

blaNDM-1 gene-cassette locus with several surrounding genes (about 6.6 kb) could be 

assembled from the sequences of all three strains and was highly similar to the blaNDM-1-

cassettes of previously published strains. The NDM-1 (813 bp) and the bleMBL-gene (366 

bp) showed 100% sequence identity with the respective genes on the NDM-1-plasmids of the 

published A. baumannii strains as well as from Acinetobacter lwoffi strain Iz4b (NCBI 

accession number  NC_025000) and Providencia rettgeri strain 09ACRGNY2001 (NCBI 

accession number  KF295828). This again demonstrates the global distribution of the NDM-1 

gene with vastly identical sequence. The genetic environment of blaNDM-1 is shown in 

figure 4.18. 

4.8 Detection of ß-lactamases among bacteria isolated from stethoscopes 

Of the 51 stethoscope surveyed, 54.9% (n=28) were found to be contaminated with gram-

negative bacilli. From the total gram-negative bacilli isolates detected (n=36), 29 were 

selected for ß-lactamase detection based on their clinical relevance of which E. cloacae 

(41.4%) followed by S. maltophilia (20.7%), E. coli (17.2%) and K. pneumoniae (13.8%) 

were found to be the most common gram-negatives isolated from stethoscopes ( Figure 4.19). 
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Figure 4.19: Distributions of gram-negative bacilli species isolated from stethoscopes 
 
 

Out of 29 gram-negative bacilli, 58.6% (n=17) showed the presence of one or more ß-

lactamase genes using the check MDR assay. Of these, 55.2% (n=16), 17.2% (n=5) and 

13.8% (n=4) were found to be positive for ESBLs, AmpC and ESBLs & AmpC genes 

respectively (Table 4.12). The most common ESBLs genotype was CTX-M-1 (55.2%, n=16) 

followed by SHV (238S+240K) (27.6%, n=8). Among the AmpC genes positive, ACT/MIR 

was the most common genotypes (17.2%, n=5) (Table 4.13). 

 

Table 4.12: Bacterial profile isolated from stethoscope and prevalence of ESBLs and AmpCs 
in JUSH 

Isolates 
Beta-lactamase 
genes No (%) 

ESBLs  
No (%) 

AmpC  
No (%) 

ESBLs & AmpC  
No (%) 

E.coli (n=5) 0(0) 0(0) 0(0) 0(0) 
K pneumoniae (n=4) 4(100) 4(100) 0(0) 0(0) 
E. cloacae (n=12) 12(100) 12(100) 4(33.3) 4(33.3) 
S. maltophilia (n=6) 0(0) 0(0) 0(0) 0(0) 
E. asburiae(n=2)) 1(50) 0(0) 1(50) 0(0) 
Total(n=29) 17(58.6) 16(55.2)  5(17.2) 4(13.8) 
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Table 4.13: Distributions of BLs, ESBLs and AmpCs genes in gram-negative bacilli isolated 

from stethoscopes in JUSH.  

 

Beta lactamases Types /genes No Percent  

ESBLs CTX-M-1 16 55.2 

TEM (WT) 15 51.7  

SHV(238S+240K) 8 27.6 

SHV (WT) 4 13.8 

AmpC ACT/MIR 4 13.8 

DHA + ACT/MIR 1 3.4 
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5 Discussion  

5.1 General   

Antibiotic resistance among gram-negative bacteria represents an increasingly serious threat 

to global public health endangering the achievement of modern medicine [103, 384]. The 

burden and scope of the antibiotic resistance varies across the different geographical region 

and countries [385, 386]. Assessing the extent and burden of the problem is, therefore, an 

important first step toward formulating an effective response [19, 103]. In the present study, a 

total of two hundred and twenty four (224) clinically relevant isolates of gram-negative 

bacilli species were recovered from various clinical specimens in inpatient and outpatient 

departments of Jimma University Specialized Hospital (JUSH).  

Enterobacteriaceae and non-fermentative gram-negative bacilli represented 81.7% and 

18.3% of the isolated strains respectively. Generally, Escherichia coli were the most common 

isolates followed by Klebsiella pneumoniae and E. cloacae. The finding of the present study 

is in agreement with the studies conducted at Yaounde Central Hospital,in Cameroon [387, 

388], at tertiary care hospital setting, in Pakistan [389], at Shridevi Institute of Medical 

Sciences and Research hospital, in India [390], at Almana General Hospital, in Saudi Arabia 

[391], in two teaching hospitals of Emam Khomaini in Iran [392], in tertiary hospital in 

capital of Nepal [393], at ICUs of Army hospitals in Iran [394], at Jimma University 

Specialized Hospital, in Ethiopia [369, 395] and at Felege Hiwot Referral Hospital, in 

Ethiopia [396, 397].    

 

Klebsiella spp., Acinetobacter spp., and Pseudomonas spp. were also reported as the 

predominant gram-negative bacterial isolates in the studies conducted at tertiary care hospital 

in Malaysia [398] and in an emergency intensive care unit in  Egypt [399],  at the institute of 

cardiology, Istanbul University in Turkey [400], at a tertiary care center in Saudi Arabia  

[401]. The variations among the patient population, hospital departments in which the 

samples were collected and the type of specimen may account for some of the differences 

observed in frequency and species of bacterial isolates. 

 

The overall resistance pattern of the total Enterobacteriaceae is high for most antibiotics 

tested in the present study which includes piperacillin (93.4%), 

trimethoprim/sulfamethoxazole (53.6%), tobramycin (38.3%), cefotaxime (37.7%), 

gentamicin (37.2%), ceftazidime (31.1%) aztreonam (31.1%) and moxifloxacin (31.7%). No 
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Enterobacteriaceae isolates were found resistant to imipenem and meropenem and only one 

isolate was resistant to amikacin (0.5%). Similar findings were made in  2015 report of 

antimicrobial resistance surveillance in Europe [307]. Moreover, a study conducted in 

Maternity Teaching Hospital in Erbil city in Iraq [402], in Shridevi Institute of Medical 

Sciences and Research hospital in India [390], in Makah, Saud Arabiya [403], at ICUs of 

Army hospitals in Iran [394], at Yaounde Central Hospital, Cameroon [387] and  a study 

conducted at Felege Hiwot Referral Hospital in Ethiopia reported similar results for most 

antibiotics tested [397].  

 

On the other hand, the resistance patterns of non-fermenting gram-negative bacilli showed 

high resistance rates to gentamicin (63.4%), tobramycin (61%) and ciprofloxacin (46.3%).  

Regarding the sensitivity profile, about 73.2%, 775.6%, and 775.6% of non-fermenting 

isolates were found susceptible to imipenem, meropenem and amikacin respectively. Similar 

trends were observed in a study conducted in a tertiary care hospital in India [404], in a 

tertiary care hospital, Belgaum [405], in intensive care unit, Nagpur [406], in Department of 

Microbiology & Immunology in India [407]. In the present study, carbapenem resistant 

Acinetobacter spp. was also observed. Acinetobacter spp. resistant to multiple antibiotics 

including carbapenems were previously reported among several member states in the 

European union [307] and globally as well. 

 

In general, the overall trends of antibiotic resistance seen among gram-negative isolates in 

this study raised serious concern. Most of these isolates had combined resistance to third-

generation cephalosporins, fluoroquinolones and aminoglycosides, indicating the needs for 

the empirical treatment of bacterial infections to be guided by local assessment of antibiotic 

resistance. Similar findings have been obtained in the 2015 antimicrobial resistance 

surveillance in Europe [307]. The variations observed in the prevalence and resistance 

patterns among the isolates in different countries among centers and hospital may partially 

explained by the variation in antibiotic-prescribing behavior and patterns of antimicrobial 

usage between different countries, the availability of antibiotics over the counter, different 

epidemiological situations and difference in antimicrobial control measures and policies [251, 

373-375]. 
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5.2 Frequency and molecular characterization of ESBLs 

Of the total 224 clinically relevant gram-negative bacilli isolates, 31.7%, 12.5% and 1.4% 

were found positive for ESBLs, AmpC and carbapenameses encoding genes by Check-MDR 

array. The frequency of ESBLs obtained in this study is comparable with the findings of 

studies conducted in India which reported 33.8% ESBLs among the gram-negative isolates 

[302]. Similar numbers were reported in another study conducted in a rural tertiary care 

hospital of north India which found 35.2% prevalence of ESBLs among gram-negative 

isolates [408]. Similarly, a study conducted among patients visiting outpatient clinic in UAE 

reported a similar frequency of ESBLs (27.7%) [409]. The results of this study is also 

consistent with the study conducted in Ahmadabad, India among patients admitted to ICU 

which detected extended-spectrum ß-lactamases (ESBLs) in 39.3% of Enterobacteriaceae 

[410]. Comparable findings were also reported in a study conducted at ICUs of army 

hospitals in Iran which found extended spectrum ß-lactamases in 38% of all gram-negative 

bacteria [394].  

 

However, many other studies conducted in different countries reported even higher 

prevalence for ESBL among the gram-negative clinical isolates. For example, a different 

study conducted in Iran revealed high prevalence of ESBLs (52.9%) among E.coli isolates 

[303]. Moreover, epidemiological studies conducted in San Camillo Hospital of Treviso in 

Italy among Enterobacteriaceae isolates showed that 89.4% of the isolate were ESBLs 

producers [312]. In Syria, a study conducted in Aleppo University Hospitals reported ESBLs 

prevalence of 62.89% and 67.5% in E. coli and K. pneumoniae isolates respectively [304]. 

Moreover, high prevalence of ESBL (88.5%) were reported among Enterobacteriaceae 

isolates collected from King Khaled General Hospital [305]. 

 

The meta-analysis performed to determine the scope and molecular epidemiology of ESBLs-

producing Enterobacteriaceae in East Africa showed 42% overall pooled proportion of 

ESBLs-producing Enterobacteriaceae. This study also indicated the pooled proportion of 

ESBLs-producing Enterobacteriaceae in Ethiopia, Kenya, Tanzania and Uganda to be 30%, 

47%, 39% and 62% respectively [325]. The finding of the present study is comparable with 

the pooled proportion for Ethiopia and Tanzania but lower than the polled proportion for 

Kenya and Uganda.  
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Few studies conducted in different parts of Ethiopia showed the presence of ESBLs among 

clinical Enterobacteriaceae isolates. The results of most of these studies were consistent with 

findings of the present study. For example, a study done at JUSH, in southwest Ethiopia 

stated  high rate of ESBLs production (36%)  among E. coli clinical isolates [331]. Moreover, 

a similar study in the same hospital reported overall prevalence of 38.4% extended spectrum 

beta lactamases (ESBLs) among total E. coli and K. pneumoniae isolates. [329]. However, 

the study conducted at Tikur Anbessa Specialized Hospital, at the capital city Addis Ababa, 

reported higher frequency of ESBLs (78.57%) and carbapenemase (12.12%) among clinical 

Enterobacteriaceae isolates [332]. Another study conducted at Ethiopia’s largest tertiary 

hospital among Enterobacteriaceae isolated from hospitalized patients found 52% overall 

gastrointestinal colonization rate by ESBLs producing Enterobacteriaceae  [336]. 

 

On the other hand lower prevalence of ESBLs (23%) was reported in a study conducted in 

Tikur Anbassa hospital among clinical isolates of E. coli recovered both from inpatient and 

outpatients [338].  Similar studies conducted at four hospitals in the eastern part of Ethiopia 

reported 33.3% prevalence of ESBLs among clinical isolates of K. pneumonia recovered 

from different clinical specimens [330], which is lower  than the finding of the present study 

for the specific species. Other studies conducted among Enterobacteriaceae isolates at 

Adama Hospital in Ethiopia reported 25% overall prevalence of ESBLs producers [328].  

 

The present study is the first report describing the molecular epidemiology of ESBLs-

encoding genes in Ethiopia. We demonstrate a high level of prevalence of CTX-M-type 

ESBLs (95.8%) among the total isolates carrying ESBLs genes in JUSH. This finding is in 

accordance with the fact that the CTX-M-type ESBLs are the most widely distributed and 

globally dominant ESBL genotypes to date [239, 240, 251]. Factors and mechanisms which 

contribute to the emergence and increasing prevalence of CTX-M ESBLs are complex and 

may involve both, plasmid dissemination as well as clonal spread of bacterial strains [411, 

412]. In addition, the selective pressure exerted by the frequent use of wide spectrum 

cephalosporins may promote their epidemiological success [240, 250, 413]. In Ethiopia, the 

widespread misuse and overuse of cephalosporins (such as ceftriaxone) fueled by the high 

burden of infectious diseases, may in general contribute to the selection and spread of 

resistant clones carrying CTX-M genes [188, 414, 415].  
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The frequency of the CTX-M genotype among the ESBLs genes positive inpatient and 

outpatient Enterobacteriaceae isolates was also remarkably high (95.5%). This probably 

indicates an increasing trend towards CTX-M genes in our setting, when compared to similar 

findings which reported CTX-M as the dominant ESBLs genotypes among clinical 

Enterobacteriaceae with prevalence rate ranging from 91% in Brazil [416], 80.3% in 

Germany [417], 79% in Switzerland [418], 70%  in Argentina [189], 70% in Uganda [419] 

and 66.1% in Qatar [420].  However, in contrast to our findings, a recent study conducted in 

Portugal in 2014 reported TEM as the most prevalent ESBLs genotypes (40.9%) followed by 

CTX-M (37.3%) and SHV (23.3%) [421] 

In general, CTX-M-β-lactamases were often observed in clinical isolates of E. coli and K. 

pneumoniae. In the present study, 100% of ESBLs producing E. coli and K. pneumoniae 

isolates carried CTX-M. This is in agreement with the finding of previous studies conducted 

in Thailand, which reported CTX-M in 99.6% and 99.2% of ESBLs producing E. coli and K. 

pneumoniae, respectively [299]. Similarly, studies conducted in India [422], China [423] and 

KSA [424] reported high prevalence of CTX-M among ESBLs producing E. coli and K. 

pneumoniae isolates. In a study conducted in Brazil, K. pneumoniae and E. cloacae were 

reported as the most prevalent CTX-M-producing clinical isolates [416].  

Other than E. coli and K. pneumoniae, CTX-M were also detected among other members of 

ESBL producing Enterobacteriaceae (K. oxytoca, M. morganii, P. mirablis, P. stuartii, E. 

hermannii and E. cloacae) as well as non-fermenting gram-negative bacilli (P. aeruginosa 

and A. fecalis) in 87.5% (n=21) and 100% (n=4), respectively. No Acinetobacter spp., S. 

maltophilia or B. bronchiseptica isolates were found positive for CTX-M genes in the present 

study, however this has to be interpreted with caution as the sample size was small. These 

findings, which, in general, indicated the dissemination of the CTX-M gene to other gram-

negatives bacilli in JUSH were similar to the findings from previous studies conducted in 

Switzerland [418],  Argentina [189], The Netherlands [425] and Japan [251]. But, in these 

studies also Acinetobacter species and S. maltophilia were found to harbor CTX-M genes. In 

the present study, the frequency of ESBL gene positive Pseudomonas aeruginosa was low 

(21.4%, n=3) when compared to other gram-negative bacilli. This is probably due to the fact 

that most resistance mechanisms in Pseudomonas aeruginosa are mediated by the 

overproduction of AmpC ß-lactamases as well as acquired metallo-ß-lactamases, decreased 

permeability and efflux pumps [426]. On the other hand, plasmid incompatibility and host 

range were indicated to be associated with the high prevalence of the CTX-M genes in 
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Enterobacteriaceae, but not in Acinetobacter spp. and Pseudomonas species. This effect 

might also play a role in our setting [251]. 

 

The emergence and spread of CTX-M producing isolates in the community, particularly 

among E. coli in community-acquired urinary tract infections (UTI), were reported in 

previous studies conducted in China [423],  Brazil [427] and  UK [428]. Hints in this 

direction can also be seen in our data, whereby all the outpatient urine ESBL gene positive E. 

coli (n=2) and K. pneumoniae (n=2), M. morganii (n=1), P. mirablis (n=1) and E. cloacae 

(n=1) obtained were positive for CTX-M genes. However, the total sample size here is small 

as compared to the inpatient sample number. 

CTX-M group 1 was shown to be the most prevalent geno-group (97.1%) among the total 

CTX-M gene positive gram-negative isolates. In our sample, CTX-M-1 accounts for 100% 

and 92.3% of CTX-M geno-groups in K. pneumoniae and E. coli, respectively. The diverse 

genetic distribution of geno-groups worldwide is well known, and no data are published for 

Ethiopia so far. Similarly to our findings, CTX-M-1 was also described to be prevalent in 

studies conducted in India [422], Switzerland [418],  KSA [424], Syria [304], Pakistan [429] 

and China [430]. In contrast, CTX-M-2 was reported to be the most prevalent CTX-M geno-

group (67%) among Enterobacteriaceae isolates in Argentina [189] and  CTX-M-9 (48.7%) 

among E. coli isolates in China [423]. All the three CTX-M positive P. aeruginosa identified 

in this study harbored CTX-M group 1, which is consistent with studies conducted in 

Amsterdam, The Netherlands [425] 

 

Most of CTX-M positive isolates (82.4%) identified in this study also harbored TEM and/or 

SHV genes in such a combination as CTX-M+TEM, CTX-M+TEM+SHV and CTX-

M+SHV; with the first being the most frequent association. The finding of high frequency of 

multiple ß-lactamase genes in a single strain in general might indicate the wider 

dissemination of bla genes among the strains and the involvement of genetic elements in co-

mobilization of these genes. Similar findings describing the co-occurrence of CTX-M, SHV 

and TEM among clinical Enterobacteriaceae were reported in studies conducted in Uganda 

[419], Qatar [420], India [431] and KSA [432]. 

Imipenem and meropenem followed by amikacin were found to have the highest 

susceptibility rates against CTX-M-positive Enterobacteriaceae isolates, as no isolates 

showed complete resistance to the carbapenems, and only 3% of the isolates were tested 
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resistant to amikacin. This strengthens the desire to have broad access to antimicrobial 

susceptibility testing facilities to allow for targeted choice of antimicrobials for treatment in 

the patient population. It is not reasonable, nor feasible to always empirically treat patients 

only with carbapenems or amikacin, taking also into consideration selection for resistance 

against the last drugs within short time by overuse of the substances. It is evident, that in the 

described setting, treating CTX-M-positive ESBL-producing organisms is a challenge and 

will require susceptibility testing and targeted treatment to allow safe and economic 

treatment. These findings are consistent with reports from studies in Ghana [433], Lebanon 

[434] and India [435] which propose imipenem and amikacin as possible drugs for the 

management of infection caused by CTX-M producing isolates, due to high rates of co-

resistance. All the CTX-M-positive isolates identified in this study showed a multidrug 

resistant (MDR) phenotype as well as remarkably high rates of co-resistance to 

fluoroquinolones, aminoglycosides, and trimethoprim/sulfamethoxazole. This further limit 

the therapeutic options for patients infected with CTX-M positive pathogens and limits 

possibilities to expensive and often not available antibiotics in almost all medical centers in 

Ethiopia. Similar findings of high prevalence of MDR phenotype (88.4%) among ESBLs 

producing E. coli and K. pneumoniae isolates were reported in a previous phenotypic 

characterization of these strain in JUSH [329]. Comparably high rates of co-resistance to the 

above classes of non-ß-lactam antibiotics were also reported in a study conducted in Brazil 

[416]. However, resistance rates were lower for gentamicin (45%), and 

sulfamethoxazole/trimethoprim (86%), but higher for ciprofloxacin (75%), compared to the 

present study findings. The CTX-M-producing Enterobacteriaceae isolates showed 

significantly higher non-susceptibility rates to most antibiotics tested than did non-CTX-M 

producing isolates, except for piperacillin/tazobactam, imipenem, meropenem, fosfomycin, 

and colistin. Similar findings for E. coli and K. pneumoniae were reported in a study 

conducted in South Korea [436] and Indian hospitals [437]. In contrast to our findings, no 

significant difference in the overall resistance rates between CTX-M and non-CTX-M 

producers were reported in studies conducted in Switzerland [418] and Scotland [438]. The 

difference could be due to the higher proportion of the non-CTX-M ESBLs found in these 

studies compared to proportion in the present study (4.2%, n=3).  

 

In the present study, microarray-based genotyping assays were used for detection and 

characterizations of bla genes belonging to the TEM, SHV and CTX-M groups. Previous 
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studies indicated that the Check-MDR Microarray is a promising genotyping test system with 

good sensitivity and specificity when compared to PCR and sequencing [439, 440]. All the 

gram-negative isolates with resistance or reduced susceptibility to ceftazidime and/or 

cefotaxime were subjected to Check-MDR Microarray tests for genetic confirmation of the 

resistance phenotypes identified or missed by VITEK 2 and/or MASTDISCSTM phenotypic 

assay, respectively. The evaluations of these phenotypic assays as compared to Check-MDR 

were beyond the scope of this study. However, ESBLs encoding genes were identified in 

91.4% and 93.2% of isolates screened positive as ESBLs by VITEK 2 and MASTDISCSTM, 

respectively. On the other hand, 5 MASTDISCSTM and 6 VITEK 2 ESBL positive isolates 

were classified as negative by the Check-MDR assay. These discrepant results might be 

explained by the presence of hyper producing ß-lactamases or such as derepressed/plasmidal 

AmpC. There is also a possibility of a false-negative Check-MDR result in some of these 

cases since the Check-ESBL assay does not detect the rarely found ß-lactamases such as 

OXA, PER, VEB, GES or genes that result from the presence of unknown mutations or the 

evolution of gene products which have not yet been identified at the genetic level. Therefore, 

any negative result must be evaluated by taking this in to consideration, and there might be a 

certain amount of false negatives. The remarkably high sensitivity of the isolates against 

carbapenems might be due to the unavailability of the substances in Jimma and thus the lack 

of evolutionary pressure. Surprisingly, colistin/polymyxin, also not available in Ethiopia in 

general and particularly in Jimma zone was found to exhibit considerable resistance, a trait 

otherwise only rarely found. 

5.3 Frequency and molecular characterization of AmpC ß-lactamases 

AmpC ß-lactamases are important resistance mechanisms which confer resistance to 

cephalothin, cefazolin, cefoxitin, most penicillins, and ß-lactam/ß-lactamases inhibitor 

combinations [261, 441]. In most Enterobacteriaceae, the AmpC ß-lactamases are encoded 

on the chromosome and in many bacteria, AmpC enzymes are inducible and can be expressed 

at high levels by mutation [261].   

In the present study, 12.5% of the total clinical isolates (n=224) were found positive for 

AmpC encoding genes by Check-MDR array. The result of this study is comparable with the 

frequency of AmpC (14.3%) reported by the study conducted in India [302]. Similar findings 

were reported in study conducted in San Camillo Hospital of Treviso in Italy which found 

15.3% prevalence of AmpC beta-lactamase among clinical Enterobacteriaceae isolates [312]. 
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However, studies conducted in a rural tertiary care hospital of north India reported lower 

(5.4%) prevalence of AmpC ß-lactamases among gram-negative isolates [408]. Moreover, a 

study conducted among patients visiting outpatient clinic in UAE reported lower frequency of  

AmpC (3.5%) among the gram-negative clinical isolates [409]. Another study conducted in 

Iran also reported lower frequency of  AmpC (7.7%) among E.coli isolates [303]. 

 

Among the 122 screen positive isolates for AmpC ß-lactamases production, only 23% of 

them were found positive for AmpC genes using the check-MDR assay. The highest 

percentage of AmpC ß-lactamase genes occurred in E. cloacae followed by A. baumanii. 

Other gram-negative bacilli positive for AmpC gene includes E. coli, M. morganii, K. 

pneumoniae, P. aeruginosa, P. mirablis, and A. faecalis. A previous study conducted in 

different countries [442, 443] also showed the presence of plasmid mediated AmpC ß-

lactamases among members of Enterobacteriaceae. A study conducted in Japan detected 

pAmpC production among E. coli, K. pneumoniae, K. oxytoca and P. mirabilis isolates [442]. 

Similar studies conducted in China reported the presence of pAmpC in K. pneumoniae, E. 

coli, and K. oxytoca clinical isolates [444]. 

 

In the present study, AmpC genotypes which belong to ACT/MIR, DHA, CMY and FOX 

were detected among the gram-negative isolates. To the best of our knowledge, this 

molecular description of AmpC ß-lactamases among clinical isolates is the first report in 

Ethiopia. Similar finding was reported in a study conducted at University Malaya medical 

center, in Malaysia among Enterobacter clinical isolates which showed the presence of the 

AmpC genotype [445]. DHA-type AmpC genes were detected in Escherichia coli and 

Enterobacter cloacae clinical isolates in a Spanish surveillance study [446]. Another study 

conducted at a tertiary-care university hospital in Bangkok, Thailand reported pAmpC 

genotypes in the families FOX and DHA among Enterobacteriaceae isolates [447]. This is all 

consistent with the findings of the present study. Moreover, Plasmid-mediated AmpC genes 

which include DHA-type were reported among Enterobacter cloacae  in Taiwan [448]. 

Similarly, a study conducted in three hospitals in Algiers, Algeria revealed the presence of 

DHA-1 and CMY-2 in E. coli isolates, DHA-1 in E. cloacae, CMY-2 in P. stuartii  K. 

pneumoniae, P. mirabilis and S. marcescens [258].  DHA-1 followed by CMY-2 was 

reported to be the most common pAmpC genes among the E. cloacae clinical isolates in Iran 

[449]. 
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The CMY type AmpC, is described as the most common type worldwide [261, 262]. 

Whereas, in the present study, ACT/MIR, followed by DHA were found to be the most 

common AmpC gentypes at JUSH. In a study conducted in China, DHA-1 was reported as 

predominate genotype [443, 450]. In another study conducted in India, the predominant 

AmpC genotype was reported to be CIT- FOX followed by EBC AmpC were the 

predominant genotypes [451]. In Egypt, CMY-1 was reported to be the most prevalent AmpC 

gene among clinical Enterobacteriaceae isolates [452]. The prevalence and distributions of 

the different AmpC genotypes among clinical isolates differs depending on the countries and 

institutions and other factors and as seen is distinct between JUSH and other studies [443]. 

5.4 Frequency and molecular characterization of Carbapenameses 

Carbapenemases production, which includes metallo-ß-lactamases, is the most common 

antibiotic resistance mechanism in Acinetobacter baumannii, which account for most of the 

carbapenem resistance in these bacteria [283]. The present study demonstrated the first 

confirmed case of NDM-1 in three Acinetobacter baumannii isolated from clinical specimens 

in Ethiopia. NDM-1 has been previously reported from many countries around the world 

[279, 280, 453]. NDM-1 was first described in 2009 in a Swedish patient who was originally 

from India and travelled to New Delhi. There, he developed UTI caused by a carbapenem-

resistant K. pneumoniae strain which was resistant to all antibiotics except colistin [273]. In 

the following year, the NDM-1 was again detected in India from three carbapenem-non-

susceptible A. baumannii recovered from patients at  of a tertiary care hospital in Chennai 

[454]. The NDM-1 was later disseminated to different countries of the world [273, 455]. In 

USA, Enterobacteriaceae isolates carrying the New Delhi metallo-ß-lactamase (NDM-1), 

were  first identified in 2010 in three states among E. coli, K. pneumoniae and Enterobacter 

isolates [456]. Similarly, the blaNDM-1 metallo-ß-lactamases genes was first identified in 2010 

among multidrug-resistant Escherichia coli isolates in Australia [457]. NDM-1 positive 

Klebsiella pneumoniae and Escherichia coli isolates were also reported from Canada from a 

patient returning to Canada from India [458]. In Europe, NDM-1 cases had been reported 

from France [459], Austria [460], Germany [461, 462], the UK and other European 

countries[453] as well as in a Bulgarian Hospital [463]  
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In Africa, the presence of NDM-1 has been reported from South Africa [464], Egypt [465, 

466], Morocco [323] and Kenya [467, 468]. In general, data on the distribution of 

antimicrobial resistance genes on the African continent is scarce, especially regarding 

carbapenemases. To our knowledge, no blaNDM-1-carrying bacteria or multidrug-resistant 

A. baumannii has been described in Ethiopia so far. In Kenya, an outbreak with NDM-1 

producing A. baumannii was recently described, and strain types of the isolates have been 

determined [381]. Years before, blaNDM-1 could also be demonstrated in Klebsiella in 

neighboring Kenya [468]. We detected three isolates of A. baumannii harboring the blaNDM-

1 gene within one hospital in Ethiopia. The sequence types however were different from the 

published isolates from Kenya. We did not perform anal swab screening to explicitly search 

for blaNDM-1 positive bacteria; only clinically relevant materials were examined. However, 

the lack of other blaNDM-1 -positive isolates is surprising, given the reports about the ease of 

horizontal transfer of NDM-1 containing plasmids [273, 469].  

5.5 Contamination of stethoscopes with ESBLs and AmpCs producing GNB isolates 

The present study reveals the bacterial contamination of stethoscopes at JUSH in which 

54.9% (n=28) of the 51 stethoscope surveyed were found to be contaminated with gram-

negative bacilli which includes E. cloacae followed by S. maltophilia, E. coli and K. 

pneumonia. Similar studies conducted to assess the potential for bacterial transmission by 

stethoscopes used by physicians and health-care workers in Nigeria reported that about 79% 

of stethoscopes surveyed were found contaminated with bacteria [356]. Other studies 

performed at University-affiliated community hospitals demonstrated that most of of the 

stethoscopes surveyed (89%) were contaminated [353]. In a similar  study, 80% of the 

stethoscopes surveyed were found to be contaminated with microorganisms primarily of 

Staphylococcus species [354].  One of the reviews done to examine the role of the 

stethoscope in the transmission of healthcare-associated infection (HCAI) indicated 85% 

mean rate of stethoscope contamination across 28 studies included [357]. Another similar 

study reported contamination on 80.1% of the stethoscopes used by medical students [358]. 

Studies that investigated the presence of pathogenic bacteria on stethoscopes demonstrated 

that many physicians’ stethoscopes are contaminated with pathogenic bacteria and could 

serve as a potential source of infection and transmission [353-355]. 
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Two previous studies conducted in Ethiopia also reported similar findings, one of these 

studies reported 60.3% overall microbial colonization from 136 medical devices (130 

stethoscopes and 6 otoscopes) surveyed. [334]. A similar study conducted in JUSH indicated 

the bacterial contamination of stethoscopes. Thereby about half (52%) of the isolates were 

potential pathogens with multiple resistance phenotypes to commonly used antibiotics [333]. 

Moreover, the molecular analysis of these environmental isolates showed the clonal 

relatedness between environmental and clinical strains indicating possible cross 

contaminations [184]. In general, the contamination rates reported in the previous studies 

were much higher when compared the findings of the present study. One reason may be 

because both gram-negative and gram-positive bacteria were included in the previous studies 

while only gram-negatives were included in this study. 

The present study revealed the contamination of the stethoscopes by ß-lactamases-producing 

gram-negative bacilli in which 58.6% of the isolates showed the presence of one or more ß-

lactamase genes including ESBLs and AmpC genes using the check MDR assay. The most 

common ESBLs and AmpC genotype detected was CTX-M-1 and ACT/MIR, respectively. 

Contamination of the hospital environment and medical devises with ESBL producing gram 

negative bacilli were described by previous studies conducted in different countries and set 

up [339-341, 344-347]. In Algeria, 21.4% prevalence of ESBL among bacterial isolates 

recovered from medical devices, various hospital surfaces and inanimate were reported.[348].  

6 Conclusion 

The present study generally demonstrated that gram-negative bacteria have a high rate of 

resistance to commonly used antibiotics in JUSH, thus confirming previous studies with a more 

standardized methodology. Furthermore, multi-drug resistance was also common in this study. 

This study also showed a remarkably high level of CTX-M genes in gram-negatives isolated in 

JUSH. The most predominant group thereby was CTX-M 1 among all the ESBL gene positive 

clinical isolates, as compared to CTX-M-2 and 3 in South Africa and CTX-M15 and 14 in Egypt 

[470]. Meropenem and imipenem, colistin and amikacin were found to have the highest in vitro 

efficacy against the CTX-M producing isolates. The high level of resistance to ß-lactam and 

non-ß-lactam antibiotics as well as the trend of a multidrug-resistant profile associated with the 

CTX-M genes are alarming and emphasize the need for implementation of strict infection 

control measures, routine diagnostic antimicrobial susceptibility testing and judicious use of 

antibiotics in Ethiopia and in the region. Moreover, the emergence of micro-organisms 
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harboring NDM-1 in Ethiopia has heightened the comprehensive concern regarding 

antimicrobial resistance. Given their multi-drug resistant nature and propensity for horizontal 

transfer, it can be concluded that the threat of untreatable infections has arrived in Ethiopia. It is 

further likely, that the detected isolates are solely the tip of the iceberg regarding the presence of 

NDM-1 producing organisms in the region, as only a limited number of bacterial isolates could 

be evaluated. Moreover, the contamination of stethoscopes with bacteria carrying important ß-

lactamase genes such as ESBL and AmpC is alarming and could serve as reservoir for the 

spread and dissemination of the resistant traits between patients and in the hospital environment. 
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8 Annex  

8.1 Additional file 1: Table S1. Primers used for in silico MLST. 

 
Locus Primer Sequence Amplicon size (bp) 

gltA 
Citrato F1 AAT TTA CAG TGG CAC ATT AGG TCC C 

722 
Citrato R12 GCA GAG ATA CCA GCA GAG ATA CAC G 

gyrB 
gyrB_F TGA AGG CGG CTT ATC TGA GT 

594 
gyrB_R GCT GGG TCT TTT TCC TGA CA 

gdhB 
GDH SEC F ACC ACA TGC TTT GTT ATG 

774 
GDH SEC R GTT GGC GTA TGT TGT GC 

recA 
RA1 CCT GAA TCT TCY GGT AAA AC 

425 
RA2 GTT TCT GGG CTG CCA AAC ATT AC 

cpn60 
cpn60_F GGT GCT CAA CTT GTT CGT GA 

640 
cpn60_R CAC CGA AAC CAG GAG CTT TA 

gpi 
gpi_F GAA ATT TCC GGA GCT CAC AA 

456 
gpi_R TCA GGA GCA ATA CCC CAC TC 

rpoD 
rpoD-F ACC CGT GAA GGT GAA ATC AG 

672 
rpoD-R TTC AGC TGG AGC TTT AGC AAT 

 
 
 

8.2 Additional file 2: Table S2. Strain information and accession numbers. 

 
Strain ST Country Year Carbapenem 

resistance 
Accession 
number 

Reference 

Isolate A 957 Ethiopia 2014 NDM-1 LWSM0000000

0 
This work 

Isolate B 957 Ethiopia 2013 NDM-1 LWSN00000000 This work 

Isolate C 957 Ethiopia 2014 NDM-1 LWSO00000000 This work 

6200 957 Columbia 2012 NDM-1 NZ_CP010397.1  Akers et al. [471] 

A1 231 UK 1982 NDM-1 CP010781.1  Holt et al. [472] 

ZW85-1  378 China 2011 - 
2013 

NDM-1 NC_023028.1 Wang et al. [473] 

D1279779 942 Australia 2009 - NC_020547.2  Farrugia et al. [474] 

MDR-TJ  369 China 2012 + NC_017847.1  Huang et al. [475] 

BJAB0715 642 China 2007 - 
2008 

+ CP003847.1  Zhu et al. [476] 

AB307-
0294  

231 USA 1994 - CP001172.1  Penwell et al. [477] 

ACICU 437 Italy 2005 + CP000863.1  Iacono et al. [478] 

ATCC 
17978  

112  1951 - CP000521.1 Smith et al. [78] 

BIDMC 57  1017 USA 2013 n.a. NZ_KK737786.1  Murphy et al. (direct 
submission) 

B8300 diverse India 2014 n.a. NZ_LFYY01000
001.1  

Vijaykumar et al. 
(direct submission) 

B11911 386 India 2014 NDM-1 NZ_LFYX01000
003.1  

Balaji et al.[479] 
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8.3 Statement on pre-release and contribution 

 
Parts of this monographic thesis have been previously published with the title “First report on 

blaNDM-1-producing Acinetobacter baumannii in three clinical isolates from Ethiopia” in BMC 

Infectious Diseases (2017) 17:180 DOI 10.1186/s12879-017-2289-9.  Contribution to the Paper: 

conceived and designed the experiments, collected data, performed the experiments, analysed 

the data and wrote the first draft of the manuscript. I also shared the first authorship. The second 

manuscript with the title “Frequency and molecular characteristics of CTX-M type Extended-

Spectrum ß-Lactamases among Clinical Isolates of Gram-Negative Bacilli in Jimma, Ethiopia” 

was submitted for publication to the International Journal of Medical Microbiology and is 

currently under review. Contribution to the manuscript: designed the study and protocol, 

collected data, performed laboratory wok, analysed the data and wrote the manuscript. I am the 

first auther in the second article.. 
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